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ABSTRACT

Use of biomass such as vegetable oils in the biodiesel synthesis decreases the need for
fossil energy, provides an outlet for utilizing the abundant resources effectively and
economically, results in a cleaner fuel that is biodegradable, renewable, and non-toxic.
Biodiesel is produced by catalytic transesterification of vegetable oils. Homogeneous
catalysts have problems of downstream processing and heterogeneous catalysts are being
developed as they are environmentally better option to produce biodiesel.
Transesterification of Croton megalocarpus oil was studied using homogeneous NaOH
and heterogeneous alkaline earth BeO, Nano MgO, MgO, Nano CaO, CaO, Reoxidized
CaO, SrO and BaO catalysts. The objective was to study the effect of key process
variables on Fatty acid methyl esters (FAME) yield, to study the reaction kinetics, to
optimize the reaction process, to compare conventional and microwave heating modes,
and to compare batch and continuous reaction processes. Characteristic surface, bulk and
chemical properties of the heterogeneous catalysts were obtained which included surface
area, pore properties, scanning electron micrography, X-ray diffraction, basic strength and
basicity. Transesterification reaction variables were reaction temperature, reaction time,
catalyst concentration, methanol to oil ratio and microwave power. Gas chromatography
was used for FAME analysis. Polymath 6.1, Matlab R2009b, and Design Expert 9 were
used for data analysis. Process variable reaction temperature was 313, 323, 333, 343K;
catalyst concentration was 0.5, 1.0, 1.5, 2 mass%; and methanol to triglyceride molar ratio
6, 9, 12, and 15. Highest reaction time for conventional heating was 180 min, and for
microwave irradiation 5 min. Highest FAME vyield for NaOH catalyst was 98% for
conventional heating and 96% for microwave irradiation. For heterogeneous catalysts
highest FAME vyield for BaO, SrO, Nano CaO, CaO RO, CaO, Nano MgO, MgO and BeO
under conventional heating were 83%, 77%, 74%, 42%, 32%, 25%, 20% and 4%; and
for microwave irradiation were 78%, 72%, 62%, 24%, 19%, 7%, 6% and 3% respectively.
Reaction order, rate constant and activation energy were obtained, for homogenous and
heterogeneous catalysts, and for conventional heating and microwave irradiation. FAME
yields for continuous transesterification were similar to batch process. Central Composite
Design was used to optimize process variables and FAME vyield presented in Response
Surface Methodology surface and contour plots. FAME was analyzed for properties as a
biodiesel fuel and it satisfied the international standards. Study established that Croton
megalocarpus oil was a suitable feedstock for transesterification reaction, heterogeneous
catalysts have a potential to replace conventional homogenous catalyst, and microwave
irradiation was superior to conventional heating. Further studies on leaching, recyclability,
modification of calcium oxide catalyst and scale-up of microwave irradiation were
recommended.
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1 INTRODUCTION

1.1 Diesel Engine and petroleum fuel
German engineer Rudolf Diesel patented an internal combustion engine in 1892 which

used groundnut oil as fuel (Shay, 1993). Due to widespread availability of cheap
petroleum, the petroleum diesel soon replaced vegetable oil in commercial diesel engines.
Petroleum fuel are non-renewable. As per International Energy Statistics for the year 2010,
the Africa and the World consumed 3.4 and 85.7 million barrels of petroleum fuel
respectively. It is speculated that the present rate of consumption of the petroleum fuel is
2.7% of the reserves, and the petroleum stocks may deplete within the next 50 years or so
(International Energy Statistics, 2012; Taufiqurrahmi and Bhatia, 2011). Use of petroleum
fuel is also considered to have a negative environmental effect. Petroleum is a mixture of a
number of organic compounds and many of them are toxic. Combustion of petroleum
hydrocarbons leads to a net increase in carbon dioxide, a factor seems to be responsible for
global warming and climate change.

1.2 Biofuels
Biofuels are fuels from renewable sources and are recognized to be an alternative to

petroleum derived fuels. Liquid biofuels consist of biodiesel and bio-gasoline. Unlike
petroleum hydrocarbons, these fuels add little to net carbon dioxide; and also do not lead to
air pollution, being free of nitrogen and sulphur. Biofuels consist of mainly C, H and O,
the oxygen percentage ranging from 10 to 45%, whereas petroleum diesel is mainly C and
H with no oxygen. This makes the chemical properties of the two fuels very different
(Demirbas, 2008). Bio-gasoline is a blend of ethanol, obtained from renewable plant
sources, and petroleum gasoline. According to year end data for 2011, North America
leads the production of biofuels by producing above 1 billion barrel/day, followed by
Central & South America with a production of 519,000 barrels/day. Similar data for
Europe, Asia & Oceania and Africa are: 250,500 barrels/day, 118,000 barrels/ day and 790
barrels/day respectively (International Energy Statistics, 2012).

1.2.1 Biodiesel
According to American Society for Testing and Materials (ASTM), a biodiesel is a fuel

comprised of mono-alkyl esters of long chain fatty acids derived from vegetable oils or
animal fats, designated B100, and meeting the requirements of ASTM D 6751. A



biodiesel-blend is a blend of biodiesel fuel meeting ASTM D 6751 with petroleum-based
diesel fuel, designated BXX, where XX represents the volume percentage of biodiesel fuel
in the blend (Biodiesel, 2013). Studies using pure and blended biodiesels show that this
biofuel can be used in diesel engine without any modification (Tazerout et al., 2009).

1.2.1.1 Biodiesel and the environment
Biodiesel produced from vegetable oils is claimed to be carbon neutral. Plants absorb

carbon dioxide as they grow, which could be ideally equated to carbon dioxide produced
during combustion of biodiesel. This would hold if there are no energies involved in the
production of biodiesel. In practice, oil seeds are more often cultivated in agricultural
farms involving use of fertilizers and mechanical machines, where carbon dioxide is
produced. Oil extraction and subsequent production of biodiesel also involves processes
where carbon dioxide is generated. A study of life cycle analysis of biodiesel shows that
the greenhouse gas emissions are between 22 and 59% of the emissions from petroleum
diesel (Frondel and Peters, 2007). Studies show that biodiesel fuel reduces particulate
matter exhaust by 75-83% as compared to petroleum diesel. However, the NO, emissions
increase in case of biodiesel which is attributed to the unsaturation of fatty compounds.
Emissions of carbon monoxide and hydrocarbons was also lower in case of biodiesel fuel
(Knothe et al., 2006). A distinct feature of biodiesel is the reduced emission of sulphur
compounds, which is lower by 20-50 times when compared to petroleum diesel (Dunn,
2001). The biodiesel has lower environmental impact compared to petroleum diesel as
dramatic reductions are observed in the emissions of unburned hydrocarbons, carbon
dioxide, carbon monoxide, sulphates, polycyclic aromatic hydrocarbons, nitrated
polycyclic aromatic hydrocarbons, ozone-forming hydrocarbons, and particulate matter
(Demirbas, 2009).

1.3  Objectives, Justification and Hypothesis

1.3.1 Objectives and Justification
Objectives of any research must be substantiated by due reasoning. By now it is

established that biodiesel is best suited to replace petroleum diesel fuel. Croton
megalocarpus is an indigenous tree, and the oil from its seed is a potential feedstock for
biodiesel production. Hence there is a need to develop a process for transesterification of

Croton megalocarpus oil to produce biodiesel fuel. Transesterification with homogeneous



catalysts needs elaborate downstream treatment and has environmental implications.
Heterogeneous catalysts are more promising but only a very limited catalysts have been
tested. Some catalysts that have shown good performance with other oil feedstock need to
be tested for croton oil. Besides, microwave irradiation has been shown to be a better heat
transfer mode, resulting into higher reaction rates. Kinetics data for transesterification are
needed for any scale-up design; and continuous production is better than a batch process in
terms of operations and economics. No such study using alkaline earth metal oxide
catalysts, using conventional/microwave irradiation, of transesterification of Croton
megalocarpus oil has been reported. Therefore the main and specific objectives can be

given as:

Main Objective: To develop a process to transesterify Croton megalocarpus oil using

alkaline earth catalysts and microwave irradiation.

Specific objectives

* To transesterify croton oil using alkaline earth catalysts using conventional and
microwave irradiation

» To study the effect of reaction variables of the reaction

« To study reaction kinetics and obtain activation energies/ pre-exponential factors
for the reactions

« Toidentify the conditions for optimal yield of fatty acid methyl esters

* To compare the yields for batch and flow reactors

1.3.2 Hypothesis
The outcome of the study should establish that Croton megalocarpus oil is a suitable

feedstock for transesterification reaction. It should also show that the selected
heterogeneous catalysts have a potential to replace conventional homogenous catalyst, and

microwave irradiation is a superior heat transfer mode.

1.4  Organization of the thesis
Thesis is organized into eight chapters. The first, and the present, chapter introduces

biofuels and gives its environmental advantages. This chapter also gives an idea about the
scope of the present research and the rationale behind it. Chapter 2 is about literature

review, and gives a comprehensive review of the publications related to the study.



Chapters 3 gives the characterization of croton megalocarpus oil and heterogeneous
catalysts. Chapter 4 is about transesterification studies using homogenous NaOH catalyst.
Chapters 5 deals with transesterification studies using BaO, SrO, CaO, MgO and BeO
catalysts. Chapter 6 gives the results of transesterification using a plug flow reactor for
NaOH and CaO catalysts. Chapter 7 gives the FAME properties as a biofuel. Chapter 8 is
about conclusions made from the present study and recommendations for future work. A

list of references, and appendices conclude the thesis.



2 LITERATURE REVIEW

2.1 Introduction
Historically the earliest biodiesel was vegetable oil, often called the first generation

biodiesel. During the era of oil embargo, South Africa used a sunflower oil-petro diesel
blend for vehicles. Percentage of sunflower oil ranged from 20-50% , and concentrations
of oil above 50% was not suitable (Ma and Hanna, 1999). Blend of used cooking oil and
petro diesel was successfully used for vehicles (Anon, 1982). Soybean oil, Rapeseed oil,
Canola oil have also been used as diesel engine fuel, mostly in blended form (Adams et al.,
1983; Peterson et al., 1983). The advantages of vegetable oil as diesel fuel are: liquid
nature, good calorific value, ready availability and renewability. In spite of these good
features, their use in diesel engines was restricted due to high viscosity which resulted in
poor atomization, incomplete combustion, and carbon deposit on the injector and the valve
seats, causing serious engine fouling. Viscosity of vegetable oil was reduced by blending it
with solvents such as ethanol, methanol and 1-butanol and the resulting mixture
performed quite close to petro diesel (Ma and Hanna, 1999; Demirbas, 2009). Vegetable
oil or animal fat can be converted into biodiesel by application of heat (thermal
decomposition), or through a chemical reaction (transesterification). Thermal
decomposition known as Pyrolysis is the chemical decomposition of vegetable oils that
occurs spontaneously at high enough temperatures. Pyrolysis produces gas and liquid
products and leaves a solid residue richer in carbon. Thermal decomposition in presence of
a catalyst is known as catalytic cracking. Catalytic cracking of palm oil in presence of Rare
earth-Y catalyst yielded bio-gasoline and gas as fuel (Tamunaidu and Bhatia, 2007).
Catalytic cracking of almost all common vegetable oils have been studied under a variety
of catalysts employing different types of reactors. Reactor systems are complex, and the
end products are a mixture of gasoline, petro-diesel and gaseous fuel (Hew et al., 2010;
Taufiqurrahmi and Bhatia, 2011). Biodiesel produced by a chemical reaction, involves a

reaction of oil/fat with an alcohol in presence of a catalyst, is known as transesterification.

2.2 Biodiesel by Transesterification: Reaction Chemistry
Transesterification, also called alcoholysis, is the displacement of alcohol from an ester by

another alcohol in a process similar to hydrolysis, except that an alcohol is used instead of



water. This process has been widely used to reduce viscosity of triglycerides. The

transesterification reaction is represented by the general equation:

RCOOR' + R"OH <+ RCOOR" + R'OH (2.1)
Ester Alcohol Ester Alcohol
If methanol is used in reaction 2.1, it is termed methanolysis. The reaction of triglyceride

with an alcohol is represented by the general equation:

H H .
R,-COO-R
H—c— oocr, *3ROH == 4 _c__on * R,coor (2.2)
H— C— OOC-Ry H— C—OH + |
| | R;-COO-R
H H
Triglyceride Alcohol Glycerol Fatty acid esters

Reaction 2.2 is carried out in presence of a catalyst. Fatty acid esters constitute the
biodiesel. This reaction is reversible and is supposed to occur in three reversible steps.
First is the conversion of triglycerides to diglycerides, second is the conversion of
diglycerides to monoglycerides and the last is the monoglyceride to glycerol. Each step
yields one molecule of methyl ester, as given in reactions 2.3, 2.4, and 2.5 (Adholeya and
Dadhich, 2008):

catalyst

Triglyceride + ROH === diglyceride + R'COOR; (2.3)
catalyst

Diglyceride + ROH === monoglyceride + R'COOR, 2.4)
catalyst

(2.5)

Monoglyceride + ROH === dlycerol + R'COOR;

In reactions 2.2 to 2.5, R'is the alkyl group for the alcohol and R; , R, and R3 are carbon
chain of fatty acid. When methanol is used as the alcohol, the transesterification (or
methanolysis) results in formation of fatty acid methyl esters (FAME). From
stoichiometry, 3 mol of alcohol reacts with 1 mol of triglyceride to form 3 mol of fatty

esters and 1 mol of glycerol. Reaction variables affecting the yield of FAME are: choice of



feedstock, choice of catalyst and its amount, reaction temperature and pressure, choice of
alcohol, molar ratio of alcohol to oil, presence of co-solvents, mixing and heating modes.
Choice of reaction system is also a variable since the transesterification can be carried out

in a batch, continuous stirred tank, or a flow reactor.

2.3 Catalysts for Transesterification
Catalysts for transesterification can be categorized into homogeneous and heterogeneous.

Homogeneous catalysts are further classified as: acidic, basic, and biocatalysts such as

enzymes. Similarly heterogeneous catalysts are also classified into acidic and basic types.

2.3.1 Homogenous catalysts for transesterification
Homogeneous catalysts can be Brensted acids and bases, biocatalysts and non-ionic

organics.

2.3.1.1 Homogeneous acid catalyzed transesterification

Bransted acids like sulphuric, sulphonic and hydrochloric are the common acid catalysts
for transesterification. These acids give very high yield of alkyl esters but the reactions
require moderately high temperature, and are slow. Methanolysis of soybean oil, using
1mol% of sulphuric acid, gave a almost complete conversion (>99%) at 338K, at
methanol to oil molar ratio of 30:1, in 50 hr. Similar reaction using ethanol required 18 hr
at 351K, and that using butanol required 3 hr at 390K (Pryde, 1983). High alcohol:oil ratio
makes the separation of glycerol difficult. Acid catalysts are suitable for high FFA oils and
presence of moisture. Inexpensive feedstocks, such as waste cooking oil, containing high
levels of FFAs cannot be directly used with the homogeneous base catalysts. Strong liquid
acid catalysts are less sensitive to FFAs and can simultaneously conduct esterification and
transesterification. Although they are slower and necessitate higher reaction temperatures,
acid-catalyzed processes could produce biodiesel from low-cost feedstocks, lowering
production costs. Figure 2.1 gives the reaction mechanism for a homogeneous acid

catalyzed transesterification of triglycerides ( Lotero et al., 2005).
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Figure 2.1: Reaction mechanism for the homogeneous acid catalyzed
transesterification of triglycerides ( Lotero et al., 2005)
In Figure 2.1, reaction (1) is the protonation of the carbonyl group by the acid catalyst,
reaction (2) is the nucleophilic attraction of the alcohol forming a tetrahedral intermediate,
and reaction (3) gives the proton migration and breakdown of the intermediate. This
sequence is repeated twice for R, and Rs. Reaction (1) is the key step in the catalyst-
reactant interaction. However, this initial chemical pathway in turn increases the
electrophilicity of the adjoining carbon atom, resulting in the intermediate molecules
susceptible to nucleophilic attack. This is supposed to explain the slow reaction rates for
such catalysts (Lam et al., 2010). Figure 2.2 gives a block diagram for acid catalyzed

biodiesel production.
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Figure 2.2: Block diagram for an acid-catalyzed biodiesel production process
(Helwani et al., 2009)

2.3.1.2 Homogeneous base catalyzed transesterification

The conventional homogenous basic catalysts are alkali such as sodium hydroxide, alkali
metal alkoxides (such as sodium or potassium methoxide and ethoxide) and potassium
hydroxide. Base catalyzed transesterification is much faster than acid catalyzed and is most
often used. Leung and Guo (2006) reported a yield of 88.8% for frying oil in 0.33 hr at
333K, using 1.1 wt% NaOH catalyst. Pinzi et al. (2011) optimized the transesterification of
six different vegetable oils: maize oil, sunflower oil, orujo olive oil, coconut oil, linseed oil
and palm oil, using methanol and catalyst KOH. The optimum reaction parameters for the
six oils were found to be (in order of the oils listed), Yield (wt%): 98.67, 99.70, 98.02,
90.01, 97.71, 98.91; Reaction temperature (K): 320.5, 332.8, 318, 333, 326, 338; Catalyst
concentration (wt%): 1.92, 1.81, 1.6, 1.7, 1.8, 1.8; Methanol to oil molar ratio: 5.4, 5.4,
6.03, 6.6, 6.02, 6.15. In a similar optimization study involving rapeseed oil, a very good
conversion into FAME was obtained at 0.6 wt% KOH, 323K, in 90 min (Ferella et al.,
2010). Noureddini and Zhu (1997) studied kinetics of transesterification of soybean oil
using NaOH catalyst. Kinetics of palm oil transesterification using NaOH and KOH have
been reported by Leevijit et al. (2004) and, Darnoko and Cheryan (2000). Kinetics of
methanolysis of sunflower oil using KOH catalyst has been reported by Vicente (2005),
and by use of NaOH catalyst by Marjanovi¢ et al. (2010). NaOH and KOH catalysts were
use to study kinetics of transesterification of Camelina Sativa oil (Patil et al., 2010b).
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Butyl ester yield of 71.88 wt% was reported for transesterification of Jatropha Curcas
using NaOH, at 378K using 1:20 molar ratio of oil to butanol (Jha, 2007). Wagutu et al.
(2009) studied the methanolysis of indigenous oil crops, Jatropha curcas L, Croton
megalocarpus, Calodendrum capense, Cocos nucifera using NaOH catalyst, and also
studied the properties of FAME. Study of biodiesel production from Croton megalocarpus
using KOH catalyst gave a conversion of 88% at 1 wt% of catalyst, at 333K and in 60 min
(Kafuku and Mbarawa, 2010). Sodium methoxide catalyzed transesterification is very
rapid and vegetable oil can be completely transesterified in 2-5 min at room temperature.
Potassium methoxide was found to be even more active at similar reaction conditions
(Ramadhas, 2004). Transesterification of sunflower oil using sodium methoxide gave a
100% vyield at 0.5 wt% catalyst, using alcohol to oil ratio 25% w/w, in 60 min
(KoohiKamali, 2012). Figure 2.3 shows the mechanism for a base-catalyzed reaction.
Reaction (1) is the production of active species, RO™ ; reaction (2) depicts the nucleophilic
attack of RO™ to carbonyl group on triglycerides, forming a tetrahedral intermediate;
reaction (3) is the intermediate breakdown; and reaction (4) is the regeneration of the RO~
active species. The sequence is repeated for R, and R (Lam et al., 2010).

Reaction (1) is crucial where an alkoxide ion is created, which acts as a strong nucleophile.
This results in faster reaction rates as compared to acid catalysts. Figure 2.4 gives a bock

diagram for a base catalyzed biodiesel production process.
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Figure 2.3: Reaction mechanism for the homogeneous base
transesterification of triglycerides (Lam et al., 2010)
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et al., 2009)
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2.3.1.3 Homogeneous acid and base catalyzed two-step transesterification
Characteristic features of a typical acid and base transesterification are summarized in

Table 2.1.

Table 2.1: Typical reaction conditions for a base-catalyzed transesterification and an
acid-catalyzed transesterification for a triglyceride (Zhang et al., 2003)

Acid catalyzed Base catalyzed
FFA > 4% <0.5%
Methanol:oil (molar) 50:1 6:1
Temperature, K 353 333-338
Pressure, bar 4 14-41
Catalyst (wt%) H,SO, (10) NaOH (0.5 - 2)
Conversion (%) >95% in4hr >95%in1hr

From Table 2.1, acid catalysts are suited for a high FFA feedstock, but have a slow
reaction rate. Similarly base catalysts have a fast reaction rate, but require a low FFA. A
two-step process combines both catalysts for feedstocks containing high FFA. Initially,
acid catalyst is employed to convert FFAs to ester through esterification, and the FFA
content drops to less than 0.5 wt%. In step 2, an alkali catalyst is used to transesterify the
oil to take advantage of fast reaction rate, low catalyst requirement, and low methanol:oil
requirement. Jatropha curcas oil (FFA 21.5%) was treated with 1wt% H,SO, in step 1,
and by 1 wt% NaOH in step 2, to give a yield of 21.2% of methyl ester during
esterification and 90.1% from transesterification (Jain and Sharma, 2010). Waste cooking
oil (FFA 21.84%) was similarly transesterified by treating with H,SO, and NaOH, and a
yield of 85-96% of biodiesel is reported (Jain et al., 2011; Kumar et al, 2011; Patil et al.,
2009). A disadvantage of this two-stage process is that the catalyst need to be removed at

the end of each stage, requiring two separation steps.

2.3.1.4 Biocatalysis catalyzed transesterification

FAME from acid oil, residue oil from vegetable oil refining, was produced by submerged
fermentation using genetically modified Aspergillus oryzae/Aspergillus niger

microorganism as a catalyst giving a 88.7% yield (Chen et al., 2008). Methanolysis of
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salad oil was carried out using Candida lipase catalyst giving a 90% FAME vyield (Nie et
al., 2006). Soybean oil was transesterified using fungus whole cell catalyst (Arai et al.,
2010), and by using lipase ionic liquid catalyst (Ha et al., 2007). Immobilized lipase
catalyst was employed for transesterification of Canola oil (Dizge and Keskinler, 2008).
Other studies have been by using commercially produced enzymes catalysts (Hernandez-
Martin and Otero, 2008), various lipases as catalysts (Kaieda et al., 2001), enzymatic
catalyst for sunflower oil (Ognjanovic et al., 2009). Immobilized Candida antarctica
Lipase catalyzed transesterification of Croton megalocarpus oil gave a 98.71% yield at
30% enzyme (Mirie et al., 2012). One problem with enzymatic catalysis is its poor
tolerance to methanol. Step wise addition of methanol was used to overcome this problem
with encouraging results (Shimada et al., 1999). Biocatalysts are eco-friendly and have
high potential but the present challenges are the high cost, poor stability and slow reaction
rates (Bajaj et al, 2010).

2.3.1.5 Non-ionic base catalyzed transesterification

In order to obtain milder reaction conditions and to simplify process, a number of organic
bases have been developed and are used as a catalyst for organic synthesis including
transesterification. Among these bases, amines such as triethylamine, piperidine, 1,2,2,6,6-
pentamethylpiperidine, pentamethylpiperidine, pyridine, 2,6-di-tert-butylpyridine, and
DMAP (4-dimethyl-aminopyridine); amidines such as DBU (1,8-diazabicycloundec-7-
ene), DBN (1,5-diazobicyclonon-5-ene); guanidines such as TBD (1,5,7-
triazobicyclo[4.4.0]dec-5-ene, TMG (1,1,3,3-tetramethylguanidine), PGB (1,1,2,3,3-
pentabutylguanidine), 1,3-diphenylguanidine, 1,2,3-triphenylguanidine, aminoguanidines,
and nitroguanidines; triamino(imino)phosphoranes such as BEMP (tert-butylimino-
diethylamino-2-diethylamino-1,3-dimethyl-perhydro-1,3,2-diazophosphorane) are
frequently used in organic synthesis and have been used for transesterification reactions.
Yields comparable to alkaline catalysts have been obtained and the reaction is not affected
by presence of FFA, and there is no soap formation (Adholeya and Dadhich, 2008;
Schuchardt et al., 1998).
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2.3.2 Heterogeneous catalysts for transesterification
Homogeneous catalysts require elaborate downstream treatment involving neutralization,

washing and drying. They are not easy to separate as they dissolve fully in the glycerol
layer and partially in the biodiesel (Ebiura et al. 2005). Separation process is expensive
involving operations such as distillation which makes the separation process uneconomical
and often not attempted. With increasing environmental regulations and emphasis on clean
technology such catalysts have distinct disadvantage. Heterogeneous solid catalysts are
noncorrosive with no adverse environmental effect. They can be easily separated and
recycled and are suited for continuous production. Heterogeneous catalysts are highly
selective and their activity depends upon their surface properties (Gera et al., 2009). Solid
catalysts are broadly classified into two types, acid and base.

2.3.2.1 Heterogeneous acid catalysts
Solid acid catalysts are suited to oils with high free fatty acid contents (eg., waste cooking

oils) since these catalyze both esterification and transesterification reactions (Leung et al.,
2010; Suwannakarn et al., 2009). Acid ion exchange resins have been successfully used to
produce ethyl oleate biodiesel from triolein. In a study, the anion-exchange resins exhibited
much higher catalytic activity as compared to cation-exchange resins, and the resin could
be recycled without loss of activity (Kitakawa et al., 2007). In another study, commercial
Nafion® acid resin was used to transesterify triacetin with methanol (Lopez et al., 2007).
Reaction rate with these resins is found to be slower compared to basic catalysts and
require higher temperatures (Lotero et al., 2005). Sulphated and tungstated zirconia, and
sulphated tin oxide are another type of acid catalysts. They have been tested for the
transesterification of soybean oil giving yield close to 100% and a long activity period
(Yadav and Nair, 1999; Furuta et al., 2004). Metal complexes containing tungsten, silica,
caesium, zinc have been used as acid catalysts for rapeseed oil, yellow horn oil and oleic
acid. Conversion is reported to be high, ranging from 88% to 100% (Narasimharao et al.,
2007a; Xu et al., 2008; Zhang et al., 2010; Oliviera et al., 2010). Zeolites are another
group of solids used as acid catalysts. Zeolites are microporous crystalline solids with well
defined structures containing silicon, aluminium, and oxygen in their framework and
cations (Sharma and Singh, 2011). The acid strength in zeolites can be adjusted such that it

fits the reaction requirements (Jothiramalingam et al., 2011). Zeolite catalysts require
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elaborate preparation procedure as reported for transesterification of methyl octanoate and
soybean oil added with oleic acid. For methyl octanoate, a reaction temperature of 773K
and a time of 20 min, gave a 100% conversion; whereas for soybean oil-oleic acid mixture,
reaction temperature was 333K and time 1 min, to get a 80% conversion (Danuthai et al.,
2009; Chung and Park, 2009). In general, acid catalysts require a long reaction time and a
high temperature, and show weak catalytic activity (Patil and Deng, 2009). Another major
drawback for acid catalysts, which arises from reaction mechanism, is its sensitivity to
presence of water. Any presence of water slows down the main reaction giving rise to
unwanted side reactions (Narasimharao et al., 2007b). Basic heterogeneous catalysts
consist of single component metal oxides, zeolites, supported alkali metals, clays and non-

oxides.

2.3.2.2 Heterogeneous basic catalysts
Basic catalysts give a higher reaction rate as compared to acidic catalysts, whether they are

homogeneous or heterogeneous (Freedman et al., 1984). The higher activity is explained
by the generation of highly active alkoxide ion (RO ") when the alcohol reacts with the base
catalyst. Fig 2.5 gives the mechanism of alkali-catalyzed transesterification of triglycerides
with alcohol. Reaction (1) is a “pre-step’ leading to the formation of alkoxide ion, where B
is the base catalyst and R is the short alkyl group belonging to alcohol (Sridharan and
Mathai, 1974). Reaction (2) gives the ‘first step’ of the reaction in which alkoxide ion
reacts with the carbonyl carbon of triglyceride molecule forming a tetrahedral intermediate
ion, where R', R" and R" are the long chain alkyl groups. In the ‘second step’, the
intermediate ion rearranges to give a diglyceride and alkyl ester molecule, given by
reaction (3). Reaction (4), gives the ‘third step’ where the diglyceride ion reacts with the
protonated base catalyst, generating a diglyceride molecule and the original base is
recovered (Schuchardt et al., 1998).

Heterogeneous basic catalysts are sensitive to free fatty acids (FFA) in the feedstock. Soap
formation decreases the biodiesel yield if the FFA content in oil exceeds 2% by mass (Lam
et al., 2010). Water is another component which adversely affects the biodiesel yield.
Water reacts with alkyl esters to produce carboxylic acids, which react with alkaline metals
to form sodium or potassium salts similar to a soap, reducing alkyl ester yield and making

glycerol recovery difficult (Freedman, et al., 1986). Zeolite and silica gel have been used in
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the catalyst to absorb water to offset the adverse effect of water (Cao et al., 2008; Li et al.,
2009).

ROH + B ===== RO + BH m
R"COO—C‘sz . ~ R'COO—CH;
R"COO—CH OR = R'COO—CH R @)
H2C—OﬁR'" HC—O—C—R"™
o] Cl)'

R'COO—CH>»

R'COO—(‘Z‘H;»
|

R'COO—CH QR =—= R'COO—~CH + ROOCR"™ @
e g e R oo
o
R'COO—CI; R'COO—CH;
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Figure 2.5: Mechanism of alkali-catalyzed transesterification of triglycerides with
alcohol (Schuchardt et al., 1998).

2.3.2.2.1 Classification of Heterogeneous Basic Catalysts

Hideshi Hattori (2004) studied a wide spectrum of solid basic catalysts. His work included
pre-treatment methods, and their relative reactivity for ten typical organic reactions,
including transesterification of ethyl acetate. Hattori classified heterogeneous basic
catalysts into five types as given in Table 2.2.

Homogenous catalysts are of uniform structure and composition, and have the advantage
of reproducibility. Heterogeneous catalysts, on the other hand, are solids of non-uniform
structure. Structure and surface properties depend on the method of preparation and pre-
treatment prior to use. Surface properties including surface defects are responsible for the
active sites, where reaction takes place. Prolong use, poisoning, blocks the active sites
making the catalyst inactive (Bond, 1993).

Table 2.2: Types of heterogeneous basic catalysts (Hattori, 2004)

SN Type Material

1 Single component metal oxides Alkali metal oxides
Alkaline earth oxides
Rare earth oxides
ThO,, ZrO,, ZnoO, TiO,

2 Zeolites Alkali ion-exchanged zeolite
Alkali ion-supported zeolite
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3 Supported alkali metal Alkali metal ions on alumina

Alkali metal ions on silica

Alkali metal on alkaline earth oxides

Alkali metals and alkali metal hydroxides on

(or alkaline earth metal)

alumina

4 Clay minerals Hydrotalcites
Crysolite
Sepiolite

5 Non-oxides Alkaline alkoxide

Alkaline carbonate
Guanidine-containing catalysts

2.3.2.2.2 Single Component Metal Oxide Catalysts and their Compounds
For most basic materials, the surfaces are covered with water and carbon dioxide in air,

and do not exhibit their intrinsic catalytic activities. Removal of the adsorbed species from
the surface is essential to reveal oxide surfaces. SrO and BaO easily form peroxides on
contact with oxygen, so removal of oxygen is also required to reveal the surface basic sites
(Hattori, 2004). A pre-treatment at high temperature is required to remove the adsorbed
species, and to decompose hydroxides, carbonates and peroxides. The nature of surface
basic sites varies with the severity of the of pre-treatment conditions (Hattori, 2001).
Calcium oxide is one of the most studied heterogeneous base catalyst for transesterification
reaction. Producing biodiesel using CaO as a solid base catalyst has many advantages, such
as higher activity, mild reaction conditions, reusability, easy availability and low cost.
Pretreatment temperatures for removal of adsorbed water and carbon dioxide from CaO
surface are 700K and 1000K respectively (Tanabe et al., 1971). Transesterification of
soybean oil and methanol was carried out using CaO as a solid base catalyst. Figure 2.6
gives the reaction mechanism for CaO catalyzed transesterification. Reaction (1) is the
abstraction of proton from methanol by the basic sites to form methoxide anion. This
methoxide anion attacks carbonyl carbon in a molecule of the triglyceride leading to the
formation of alkoxycarbonyl intermediate (Reaction 2). In reaction (3) the alkoxycarbonyl
intermediate is transformed into a more stable form, FAME and anion of diglyceride; and
in reaction (4) the methoxide cation attracts the anion of diglyceride leading to the
formation of diglyceride. The sequence is repeated twice for R, and Rs.
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Figure 2.6: Reaction mechanism for CaO as heterogeneous base catalyst (Lam et al.,

2010)

One interesting feature of CaO catalyst is the effect of water in the reaction system. While

the presence of water has adverse affect on yield of FAME for most catalyst systems, CaO

performs better in the presence of small amount of water. In the presence of a little water in

methanol, CaO reacts to generate methoxide ion, which is highly active and is the real

catalyst. A reaction mechanism for transesterification over CaO catalyst in presence of

little water is given in Fig 2.7. At a basic site of CaO catalyst, surface O* extracts H" from

H,O from surface OH (Reaction (1)), which is easily extracted by reactants in chemical

reactions. Then, the OH™ extracts H* from methanol to generate methoxide anion and H,0

(Eq. 2). Also, O*~ can also extract H" from hydroxyl group of methanol to form surface

methoxide anions (Reaction (3)). However, if too much water (exceeding 2.8 wt% of
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soybean oil) is added to methanol, the FAME is hydrolyzed to generate fatty acid and

methanol.
H\
.
H' H
O— H ‘ 1)
Ca 0
—— Ca o—
.
H H H'
CH3OH + ‘ —_— CH3O' + ‘ +H (2)
Ca (0] Ca 0
.
H,0 H
CH;0—— H .
(©)]
— Ca 0 Ca o

Figure 2.7: Reaction mechanism for transesterification over CaO catalyst in presence
of little water (Liu et al., 2008a)

In the study a 12:1 molar ratio of methanol to oil, 8 wt% CaO catalyst, temperature of
338K, reaction time of 1.5 h, gave the maximum yield of 95% (Liu et al., 2008a).
Transesterification of soybean oil using nanopowder CaO and microwave irradiation gave
96.6% conversion, at methanol to oil ratio 6:1, 338K temperature, reaction time 60 min,
and 3 wt% catalyst (Hsiao et al., 2011). In a study involving transesterification of Jatropha
oil, CaO was dipped in ammonium carbonate solution and calcined to get a super-base
catalyst, of base strength of more than 26.5. For optimum conditions, calcinations
temperature was 1173K, reaction temperature 343K, reaction time 2.5 h, catalyst
concentration 1.5 wt%, methanol to oil ratio 9:1, and the conversion 93% (Zhu et al.,
2006). Another study, using a similarly prepared super-base CaO catalyst, for
transesterification of Jatropha oil gave a maximum yield of 95% for a 12:1 molar ratio of
methanol to oil, 1.5 wt% of catalyst, temperature 343K, time 2 h, and water 2 wt%. Under
supercritical conditions (473K and 24bar), the reaction time was reduced to 1 h, and yield
increased to 96% in presence of super-base CaO catalyst (Hawash et al., 2011). This is in

contrast to some other transesterification studies under supercritical conditions where the
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catalyst was not employed and very high conversions obtained (Patil et al., 2010a;
Demirbas, 2006; Yang, 2004; Kafuku et al., 2011).

Transesterification of Camelina sativa oil was studied using BaO, SrO, MgO, and CaO
catalyst under conventional and microwave irradiation. The result of comparative
experiments using conventional heating showed that the most effective catalyst was 1 wt%
BaO which gave >80% vyield of camelina to biodiesel conversion in 3 h at 373K. The
FAME vyields for BaO, SrO, CaO and MgO were 83%, 80%, 30% and 22%, respectively.
The relative order of effectiveness of the catalysts was BaO > SrO > CaO > MgO (Patil
and Deng, 2009; Patil et al., 2009). Under microwave irradiation, the FAME vyields for
BaO and SrO were 94% and 80% respectively. It was noted that microwave irradiation
reduced the amount of methanol required, reduced the reaction time, but increased the
catalyst amount (Patil et al., 2011), and SrO at 2 wt% gave a higher yield as compared to
BaO at 1.5 wt%, although BaO has higher relative activity (Patil et al., 2010b). The
relative activities of alkaline earth oxides compare well, with exception of CaO and MgO,
as reported elsewhere, which gives the relative activities for transesterification of ethyl
acetate with methanol as BaO > SrO > MgO > CaO (Hattori, 2004). Reaction mechanism
for SrO catalyzed follows steps very similar to CaO catalyzed transesterification. The most
crucial step is the formation of ionic complex when SrO comes in contact with methanol,
similar to reaction (1) in Figure 2.6 for CaO, Sr replacing Ca in the reaction (Semwal et
al., 2011). In a study on transesterification of ethyl acetate with methanol, magnesium
oxide has been identified as a good alternative to homogeneous catalysts for biodiesel
production (Dossin et al., 2006a). A simulation study indicated that a continuous
production of 100,000 tonnes of biodiesel per year can be achieved at 323K in a
continuous stirred reactor of 25 m® containing 5700 kg of MgO catalyst (Dossin et al.,
2006b). Performances of MgO, CaO, BaO, PbO, and MnO, for transesterification of
soybean oil at high pressure and temperature were studied. A maximum biodiesel yield of
85% was obtained by BaO in 14 min, whereas PbO, MnO,, CaO, and MgO gave maximum
yields of 84%, 80%, 78%, and 66%, respectively at 488K (Singh and Fernando, 2007). A
similar high temperature, high pressure transesterification study of soybean oil involved
seven metal oxide catalysts, PbO, ZnO, CaO, MgO, PbO,, Tl,03, and Pb;0,. Lead oxide

catalysts were found to be most favourable towards the transesterification and gave yield
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>89%. MgO and Pb3O,4 showed an increasing FAME vyield trend from 348 to 498K. MgO
had the highest surface area, highest basicity, and relatively low leaching (Singh and
Fernando, 2008). Transition metal oxides, zirconium oxide, titanium and zinc oxide have
been tested as catalyst due to their strong acidic properties (Zabeti et al., 2009a). Transition
metal solid base catalysts are moderately active and are of limited interest for
transesterification reaction (Jitputti et al., 2006). However, metal oxides prepared with
calcium show strong basic character, and have been tested for transesterification reaction.
The calcium-containing catalysts, CaTiO3;, CaMnO3, CayFe,0s, CaZrO3, and CaO—CeO, ,
showed high activities and approximately 90% yields of FAME from rapeseed oil. In a
catalytic durability test it was found that CaZrO3; and CaO-CeO, show high durability and
have the potential to be used in biodiesel production processes as heterogeneous base
catalysts (Kawashima et al., 2008). Mesoporous Li/ZrO,, Na/ZrO,, K/ZrO,, Mg/ZrO,, and
Ca/ZrO, were synthesized and tested for soybean oil transesterification. Mg/ZrO,, and
Ca/ZrO, showed no activity, Na/ZrO, showed little activity, and Li/ZrO,, K/ZrO, gave
FAME vyield of 98% at temperature 923-1023K (Ding et al., 2011). A study of metals in
homogeneous form showed the catalytic activity decrease in the order:
Sn*?s>7Zn**>Pb*?=Hg"? (Abreu et al., 2004). Inspired by the high activity of Sn*?, a solid
SnO was used as a base catalyst for soybean oil. The yield of FAME was 56.5 to 94.7% for
reaction time of 1 to 5 h. The catalyst was recycled up to four times without any loss of
activity (Abreu et al., 2005). Magnesium methoxide was used as a solid base catalyst for
transesterification of soybean oil. The reaction temperature varied from 323-338K, keeping
methanol to oil ratio at 9:1, and catalyst concentration of 8 wt% (Huang et al., 2009).
Transesterification of rapeseed oil was studied using alkaline earth metal compounds:
calcium oxide, calcium methoxide and barium hydroxide. Tetrahydrofuran was used as a
cosolvent to increase the solubility of methanol in oil. The results showed that barium
hydroxide was most active, giving a conversion of 75% in 30 min, and >90% in 1.5 h;
calcium methoxide was medially active, giving a conversion of 55% in 30 min, and 80% in
1 h, and 93% at equilibrium; solid CaO had the slowest rate, but the equilibrium
conversion reached after 2.5 h had similar conversion. Magnesium oxide and calcium
hydroxide showed no catalytic activity for rapeseed oil transesterification (Gryglewicz,

1999). Another study of transesterification of soybean oil and poultry fat using
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nanocrystalline CaO catalyst gave a FAME vyield of 2% for soybean oil, and none for
poultry fat (Reddy et al., 2006). This review highlights the large variations in observed
activities of alkaline earth oxide catalysts. Table 2.3 summarizes the FAME vyield for
alkaline earth oxide catalysts for a variety of feedstock at varying operating conditions.

Table 2.3: Alkaline earth oxide catalysts in transesterification

Catalyst  Feedstock Cat MeOH:oil T(K) Time FAME Reference
wt.% ratio (min) Yield, %
MgO J. curcas 3 25 393 180 64 Taufig-Yap et al.
2011
MgO Sunflower - 12 323 1440  3.5a Arzamendi et al.,
2.5b 2008
MgO Soybean 2.5 0.3(vol) 488 120 66 Singh & Fernando,
2007
MgO Soybean 5 55 403 420 60 Antunes et al., 2008
MgO Rapeseed - 45 340 150 nil Gryglewicz, 1999
MgO Soybean 5 12 333 420 135 Puna et al., 2010
MgO Camelina 0.25-2 3-15 313-  30- 5-20 Patil & Deng, 2009
Sativa 403 180
MgO Palm 5 9 333 90 3 Babak et al., 2013
MgO Triacetin 2 6 333 480 18 Lopez et al., 2005
Nano Soybean 3 36 523 12 98 Wang and Yang,
MgO 2007
CaO J. curcas 3 25 393 180 96 Taufig-Yap et al,
2011
CaO Sunflower - 12 323 600 90a Arzamendi et al.,
12 323 1440  1.5b 2008
CaO Sunflower 3 13 333 100 94 Granados et al., 2007
CaO Sunflower 1 - 335 180 5 Demirbas, 2007
5 41 525 1200 99
CaO Sunflower 1 6 823 120 98 Veljkovic et al., 2009
CaO Soybean 8 12 338 180 80 Liuetal., 2008
CaO Soybean - - - 120 99 (inN,) Kouzu et al., 2009
CaO Soybean 1 12 - 120 99 (inN,) Kouzu et al., 2008a
<10 (in
Air)
CaO Soybean - 12 reflux 120 93 Kouzu et al., 2008b
CaO Soybean - 27 298 - 2 Reddy et al., 2006
CaO Soybean 5 12 333 420 93.3 Puna et al., 2010
CaO Soybean 0.58 39 573 - 97 Lee et al., 2009
CaO Soybean 2.5 0.3(vol) 488 30 75 Singh & Fernando,
2007
CaO Rapeseed - 4.5 340 150 75 Gryglewicz, 1999
CaO Rapeseed 0.7 0.26 (wt) 333 180 90 Kawashima et al,
2009
CaO WCO - - - 120 99 (inN,  Kouzu et al., 2008a
CaO Poultry fat - 27 298 - nil Reddy et al., 2006
CaO Camelina 0.25-2 3-15 313-  30- 10-20 Patil & Deng, 2009
Sativa 403 180
CaO Palm 5 9 333 90 35 Babak et al., 2013
CaO Soybean 25 6 343 300 70 Nakatani et al., 2009

(oyster
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shell)
CaO Soybean 3 9 338 180 95 Wei et al., 2009
(egg
shell)
CaO Palm olein 5 0.5 (wt) 338 150 95 Boey et al., 2009
(mud crab
shell)
CaO Palm olein 10 18 233 120 90 Viriya-empikul et al.,
(mollusk 2010
shell)
CaO Chickenfat 4.9 0.55(wt) - 180 98 Boey et al., 2011
(crab &
cockle
shell)
CaO (egg Palmolein 15 18 900W 4 96.7 Khemthong et al.,
shell) (microwa 2012.
ve)
CaO (egg Miscellaneo 4 6 - 120 98 Sarin et al., 2009
and sea Us
shells)
Nano- Soybean 3 7 338 60 96.9 Hsiao et al., 2011
CaO
SrO Camelina 0.25-2 3-15 313-  30- 25-80 Patil & Deng, 2009
Sativa 403 180
Sro Camelina 2 9 - 4 95 Patil et al., 2010b
Sativa (micro
wave)
SrO Palm 5 9 333 90 91 Babak et al., 2013
SrO Soybean 3 12 338 30 95 Liu et al., 2007
BaO Camelina 0.25-2 3-15 313-  30- 30-85 Patil & Deng, 2009
Sativa 403 180
BaO Camelina 15 9 - 4 93 Patil et al., 2010b
Sativa (micro
wave)
BaO Palm 5 9 333 90 95 Babak et al., 2013
BaO Soybean 25 0.3(vol) 488 15 95 Singh & Fernando,

2007

Note: a- Catalyst not calcined; b- Catalyst calcined at 773K for 12 h

2.3.2.2.3 Zeolite Heterogeneous Catalysts
Zeolites are microporous, aluminosilicate minerals having a porous structure that can

accommodate a wide variety of cations, such as Na*, K*, Ca**, Mg?** and others (Muerbach
et al., 2003). They are available both in natural and synthetic form. The transesterification
of soybean oil with methanol to methyl esters was carried out using NaX zeolites loaded
with KOH as a solid base catalyst. The NaX zeolite did not present any particular catalytic
activity, most likely due to the lack of strong basic sites on which the transesterification
reaction could occur. However, loading of KOH onto the NaX zeolite produced a dramatic
increment of basic strengths on the KOH/NaX catalyst. Best result was obtained with NaX
zeolite loaded with 10% KOH, followed by heating at 393K for 3 h. When the
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transesterification reaction was carried out at reflux of methanol (338K), with a 10:1 molar
ratio of methanol to soybean oil, a reaction time of 8 h and a catalyst amount of 3 wt%, the
conversion of soybean oil was 85.6% (Xie et al., 2007). Transesterification of soybean oil
was studied using two types of zeolite, NaX faujasite zeolite and ETS-10 zeolite as catalyst
at temperatures of 333, 393 and 423K. Stock zeolites were exchanged with K and Ce;
NaX containing occluded sodium oxide (NaO,/NaX) and occluded sodium azide
(NaOy/NaX). The catalysts were calcined at 773K prior to use in order to increase activity.
The ETS-10 catalysts provided higher conversions than the Zeolite-X type catalysts. The
increased conversions were attributed to the higher basicity of ETS-10 zeolites and larger
pore structures that improved intra-particle diffusion. Methyl ester yield increased with an
increase in temperature from 333 to 423K (Suppes et al., 2004). Soybean oil was
transesterified with methanol using Mg MCM-41 zeolite, Mg-Al hydrocalcite, and K
impregnated zirconia. Mg-Al hydrocalcite showed the highest activity, giving 97%
conversion. For the K impregnated zirconia, the activity increased as K increased
indicating the higher basicity increased activity (Georgogianni et al., 2009). In another
study of soybean oil transesterification with methanol using modified zeolites such as Y,
A, and clinoptilolite as natural zeolite catalyst; it was revealed that modified zeolite Y gave
a higher conversion of 98.4% as compared to the natural zeolite clinoptilolite which gave
86.9% conversion (Farzaneh and Raashtizadeh, 2010). Transesterification of Jatropha
curcas seed oil with methanol was studied using artificial zeolites loaded with potassium
acetate as a catalyst. After calcinations for 5 h at 823K, the catalyst loaded with 47 wt%
potassium acetate exhibited the highest efficiency. Optimum conditions were at oil to
methanol ratio 1:10, catalyst 2 wt%, reaction time 4 h, at reflux temperature (Xue et al.,
2009). Transesterification of sunflower oil was studied using NaX zeolite (Si/Al = 1.23) as
a carrier for nano CaO particles. CaO mass percent ranged from 5-25%. Reactions were
carried out at atmospheric conditions and at reflux temperature of methanol, at methanol to
sunflower oil ratio of 6:1, for 6 hr. Highest yield for methyl ester was 93.5%, obtained at
16 wt% of CaO (Martinez et al., 2011). Zeolite Y with different Al,O3 content was tested
as a catalyst to produce biodiesel from used vegetable oil and methanol. The methanol to
oil ratio was 6:1 and the reactions were carried out at atmospheric pressure. The

temperature varied from 473 — 749K. Product obtained had lower viscosity. Higher



25

temperature gave viscosity close to biodiesel (Brito et al., 2007). Activity of zeolite as a
catalyst was tested as compared to alkali metal and alkaline earth catalysts, CaO, MgO,
Ba(OH),, Li/Ca0O, for transesterification of vegetable oil. Ba(OH), gave the highest
activity among all the catalysts (Dalai et al., 2008).

2.3.2.2.4 Supported Alkali/ Alkaline Earth Metals
Alkali and alkaline earth metal Na, K, Ba, Ca, Mg, and their carbonates, hydroxides,

halides and nitrates can be supported on alumina and silica (Endalew et al., 2011).
Potassium hydroxide supported on alumina was prepared by mixing alumina and the alkali,
and separating and drying the solid. Some examples of supported alkali/alkaline earth
metals are also given in previous section (Suppes et al., 2004; Martinez et al., 2011).
Catalytic activities of alumina loaded potassium compounds, Kl, KF, K,CO3; and KNO;
with 35 wt% loading, were tested for the transesterification of canola oil with methanol
and ethanol. Synthesized KF/Al,O; catalyst showed the highest activity in the
transesterification of canola oil with methanol and gave much stable methyl ester content
during the reaction with the highest yield of 99.6% at the end of the 8 h reaction time at
333K, with a methanol to oil ratio of 15:1 and a catalyst amount of 3 wt% (Boz and Kara,
2009). Castor oil was transesterified with methanol using Al,03/50% KOH catalyst. More
than 90% conversion was obtained at 333K, in 1 h, using conventional heating, at
methanol to oil ratio of 6:1, and catalyst 10 wt%. The same reaction carried out using
microwave irradiation (40W) give a 95% conversion in 5 min at similar conditions (Perin
et al., 2008). Transesterification of soybean oil with methanol was studied using alumina
loaded with potassium iodide as a solid base catalyst. After loading KI of 35 wt% on
alumina followed by calcination at 773 K for 3 h, the catalyst gave the highest basicity and
the best catalytic activity with a conversion of 96% under the optimum reaction conditions
(Xie and Li, 2006). Transesterification of soybean oil over KF loaded onto y-Al,O3
heterogeneous basic catalyst was carried out. The best reaction conditions were at a load
ratio of KF 72.68 wt%, methanol to oil ratio 12:1, temperature 338 K, mass of catalyst 2
wit%, reaction time 3 h, and the yield of biodiesel exceeded 99% (Teng et al., 2009). The
transesterification of palm oil to FAME was studied using KOH loaded on Al,O3 and NaY
zeolite supports as heterogeneous catalysts. The 25wt% KOH/AI,O3; and 10 wt%
KOH/NaY catalysts were suggested to be the best formula due to their biodiesel yield of
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91.07% at temperatures below 343K within 2-3 h at a 1:15 molar ratio of palm oil to
methanol and a catalyst amount of 3-6 wt%. The leaching of potassium species in both
spent catalysts was observed (Noiroj et al., 2009). Mesoporous y-alumina was used as a
support for sodium azide, NaNs, to yield a superbasic catalyst that showed high activity for
soybean oil transesterification (Bota et al., 2010). Transesterification of palm kernel oil
with methanol over mixed oxides of Ca and Zn, CaO-ZnO catalysts was studied. The
mixed oxides had a relatively small particle sizes and high surface areas, compared to pure
CaO and ZnO. At 60 °C (catalyst 10 wt%, methanol to oil molar ratio of 30, reaction
time 1 h), the FAME content of >94% could be achieved over CaO-ZnO catalyst with the
Ca/Zn ratio of 0.25 (Ngamcharussrivichai et al., 2009). Transesterification of palm oil was
carried out using CaO/Al,O3 composite catalyst. It was shown that both the calcination
temperature and the amount of calcium oxide loaded on the support had significant
positive effects on the biodiesel yield. The maximum basicity and biodiesel yield obtained
were about 194 mmol/g and 94% respectively, and the catalyst showed high performance
at moderate operating conditions and its activity was maintained after two cycles (Zabeti et
al., 2009b). Transesterification of palm kernel oil and coconut oil with methanol was
investigated using various Al,Oz-supported alkali and alkaline earth metal oxides,
LiNO3/Al,03, NaNO3/Al,O3 and KNO3/Al,O3 . Effect of calcinations temperature on
catalyst activity was studied. Ca(NOs),/Al,O3 calcined at 723K yielded the FAME content
as high as 94%, and calcined Mg(NO3)./Al,O3 catalyst possessed an inactive magnesium-
aluminate phase, resulting in very low FAME formation (Benjapornkulaphong et al.,
2009). In another major study, novel mesoporous Al,O3-, SiO,-supported solid base
catalysts containing Ca, K as active elements were synthesized by a single-step sol-gel
method. The synthesized catalysts possess a large BET surface area in the range of 180-
400m?/g and a mesoporous pore size in the range of 60-120A. A 100% vyield was obtained
in 30min when 1wt% K/AI-0.6 or Ca/Al-4.0 catalyst was used. Ca-loaded catalysts
exhibited a higher stability than K-loaded catalysts. The amount of Ca leaching was
reduced significantly with the Ca/Al or Si molar ratio (Zhao, 2010).

2.3.2.2.5 Clay Minerals
Classic clay mineral used as heterogeneous catalyst is hydrotalcite. Hydrotalcite is a

layered double hydroxide of general formula (MgsAlo(CO3)(OH)16-4(H20). It is
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dimorphous and has anion exchange capabilities (Bejoy, 2001). Hydrotalcites of Mg and
Al (Mg/Al ratio 3) modified with Zn, Sn, Ba, Mn, Ce, and Ca with 5 wt% catalyst were
used for transesterification of soy oil with methanol, at 343K, time 3 h, and methanol to oil
ratio 9:1. Good results regarding biodiesel yield and product quality were obtained (Gomes
et al., 2008). Transesterification of canola oil with methanol was studied using Mg-Al
hydrotalcites as solid base catalysts. The highest triglyceride conversion rate of 71.9% was
achieved after 9 h of reaction at 333K, with a 6:1 molar ratio of methanol to canola oil and
a 3 wt% catalyst with 125-150 um particles. Hydrotalcites were prepared by the co-
precipitation method using (Mg(NOs3),), (AI(NO3)3), and Na,CO;3 (llgen et al., 2007).
Transesterification of palm oil was studied using KF/hydrotalcite solid base catalysts. At
338 K, with palm oil/methanol molar ratio of 12:1, reaction time of 3 h, and catalyst
amount of 3 wt %, the yield of FAME reached 85%; and when the reaction time prolonged
to 5 h, the yield became 92% (Gao et al., 2008). Transesterification of soybean oil to
biodiesel was carried out using Mg-Al hydrotalcite as heterogeneous catalyst. The Mg-Al
hydrotalcite with Mg/Al molar ratio of 3.0 was synthesized by co-precipitation method.
The best conditions for hydrotalcite preparation and transesterification reactions were as
follows: calcination temperature 823K, molar ratio of soybean oil to methanol of 6:1,
reaction time 360 min, and catalyst dosage 5%, the yield of FAME 78% (Chang et al.,
2008). In another study on transesterification of soybean oil, new solid base catalysts were
prepared by substituting Fe** ions substitute for a fraction of the AI** ions in the Mg/Al
layered double hydroxide lattices of hydrotalcites and calcining to give porous metal
oxides. These iron-doped porous metal oxides are much stronger bases than those derived
from undoped or Ga®*" doped hydrotalcites and are effective catalysts for the methanol
transesterification of triacetin (glycerol triacetate) and of soybean oil (Macala et al., 2008).
Heterogeneous base catalyst derived from Mg-Al hydrotalcite was investigated for the
conversion of poultry lipids to biodiesel. This solid base showed high activity for
triglyceride transesterification with methanol without signs of catalyst leaching. Both
temperature (333-393K) and methanol-to-lipid molar ratio (6:1-60:1) affected the reaction
rate in a positive manner. The use of a co-solvent (hexane, toluene, tetrahydrofuran),
however, gave rise to a change in triglyceride conversion profile which cannot be

explained solely by a dilution effect. By re-calcination in air, complete catalyst
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regeneration was achieved (Liu et al., 2007). In another study, vegetable and used frying
oil were transesterified using pure hydrotalcite and hydrotalcite modified for increasing its
alkali behavior and reactivity. Effect of temperature, mixing speed, reaction time, catalyst
pretreatment, catalyst concentration, alcohol to feed-stock ratio, and percent hydrotalcite
modification through introduction of sodium to structure, were investigated (Labarta et al.,
2009). Production of biodiesel via transesterification of castor oil using metal oxides as
solid catalysts was investigated using hydrotalcite derived Mg-Al mixed oxide as a
heterogeneous catalyst and the effect of reaction parameters in transesterification reaction
were observed (Yaacob and Farhah, 2010). Activities of hydrotalcite, Cs-sepiolite and Cs-
MCM-41 have been compared as a heterogeneous catalyst for transesterification of
triglycerides, at 513K for 5 h, and the activities were found to be in the order: hydrotalcite
(92% conversion) > Cs-sepiolite (45% conversion) > Cs-MCM-41 (26% conversion) (Au
and Dai, 2012).

2.3.2.2.6 Non-Oxides
Some studies involving metal halides, hydroxides, carbonates and their combinations have

already been given in previous sections. A major category of non-oxide catalysts are non-
metallic organic compounds, mainly guanidine containing catalysts. Guanidines are a
group of organic compounds sharing a common functional group with the general structure
(R'R’*N)(R®R*N)C=N-R®. The central bond within this group is that of an imine, and the
group is related structurally to amidines and ureas (Sherrington, 2001). A new catalyst
based on amines (guanidine carbonate) for transesterification of vegetable oils was tested
and it was found that conversions of >95% could be reached within one reaction step in
less than one hour. Particularly in transesterification of oils containing free fatty acids,
guanidine carbonate showed significant advantages as no soap formation was observed.
The process is applied in an industrial pilot plant with a capacity of approx. 1t/h (Greve,
n.d.). In another work to develop polymeric catalysts, three polycationic systems were
studied, composed of poly(hexamethylene biguanide) (PHMBG, pKa in water ~11),
branched polyethyleneimine (PEI, pKa, 9.7), and poly(N-vinylguanidine) (PVG, pKa ~13).
Comparison of the methanolysis rates in anhydrous conditions revealed that uncross-linked
PHMBG was a remarkably efficient catalyst, enabling 100% triglyceride conversion within
0.5 h at 343K. The PHMBG-based networks also demonstrated 100% conversion, but the
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kinetics were 1.5- to 2.4-fold lower than those with uncross-linked PHMBG (which is
soluble in methanol) due to the less efficient heterogeneous catalysis by the cross-linked
networks (Bromberg et al., 2010). For transesterification of soybean oil, guanidines were
successfully grafted on gel-type polystyrene matrix by covalent bonding and the catalyst
gave high conversion, but the reaction time was prolonged. However, the heterogenized
guanidines slowly leached out from polymer resulting in a continuous loss in catalytic
activity (Schuchardt et al., 1996). To contain the loss of activity due to side reactions, the
biguanides were confined to polystyrene, yielding a more reactive solid base than the
polymer-supported guanidines, and with a reactivity which was stable for at least 10 cycles
(Gelbard and Vielfaure-Joly, 2000; Gelbard and Vielfaure-Joly, 2001). In another work,
guanidine functionalized polymers were also used for transesterification of methyl fatty
ester with glycerol targeting the formation of monoglycerides (Jerome et al., 2004).

2.3.3 Non-catalytic transesterification
Non-catalytic transesterification for FAME is carried out by using methanol in

supercritical state (T > 512.6K, P > 8.907 MPa). Supercritical methanol is believed to
solve the problems associated with the two-phase nature of normal methanol/oil mixtures
by forming a single phase as a result of lower dielectric constant of methanol in the
supercritical state. Reactions in such a state are very fast and non-catalytic (Demirbas,
2009; Demirbas, 2003). Supercritical transesterification of Camelina sativa oil at 563K
gave a yield of 90% biodiesel in the absence of any catalyst (Patil et al., 2010a). Croton
megalocarpus oil transesterified non-catalytically at 603K yielded 74.91% FAME (Kafuku
et al., 2011). Non-catalytic supercritical methanol method involves simpler purification,
has a lower reaction time, is less energy intensive, and is environmentally superior (Saka
and Kusdiana, 2001). However, requirement of high temperature and pressure has limited

supercritical studies to laboratory scale so far.

2.4 Transesterification Process Variables
Fatty acid esters production depends upon the choice of feedstock, alcohol and catalyst as

the reaction constituents. Operating variables include: oil-to-alcohol ratio, reaction
temperature and pressure, catalyst concentration, reaction time, mixing intensity, co-

solvents, and catalyst preparation conditions. The type of reactor system, heating methods
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such as conventional or microwave, normal or ultrasound mixing etc., are part of reactor

operation variables (Islam et al., 2013).

2.4.1 Feedstock
Biodiesel can be made from any plant oil or animal fat. However some oils are better that

the others. Oils such as soybean, palm, palm kernel, ground nut, beef tallow etc have been
successfully converted into biodiesel. However, there has been a debate in using edible oils
to convert into fuel. Preference is given to the use of oil as food, especially in the third
world. Therefore, one of the requirements for an acceptable feedstock is that it should not
be edible. The non-edible feed stocks are oils from: Jatropha curcus, Pongamia pinnata,
castor, cotton seed, linseed, Croton megalocarpus, algae etc. Waste cooking oils also fall
in this category. Oils can be classified according to the number of carbon atoms and
number of double bonds. Table 2.4 gives the percentage fatty acid compositions of some
oils based on carbon atoms and double bonds (Demirbas, 2003).

Table 2.4: Fatty Acid Composition (wt%) of Various Oils (no of C atoms: no of
double bonds)

Fat or Qil 12:0 14:0 16:0 18:.0 18:1 18:2 18:3 20:0 20:1 22:1
Soybean . . 6-10 2-5 20-30 50-60 5-11

Corn . 1-2 8-12 25 19-49 34-62

Peanut . . 8-9 2-3 50-65 20-30

Olive . . 9-10 2-3 73-84 10-12

Cottonseed . 0-2 20-25 1-2 23-35 40-50

Butter . 7-10 24-26 10-13 28-31 1-25 25

Lard . 1-2 28-30 12-18 40-50 7-13 0-1

Tallow . 3-6 24-32  20-25 37-43 2-3 .

Linseed . . 4-7 2-4 25-40 35-40 25-60

Yellow grease . 2 23 13 44 7 1

Coconut 45-53 17-21 7-10 24 5-10 1-3

Palm oil . . 44 5 39 10

Palm kernel 48 16 8 : 15 3 . : . .
Pongamia P. . . 4-8 3-9 45-71 11-18 . 2-5 10-12 45

Fatty acids without double bonds are called saturated fats. A high saturation level is
indicated from high fractions of saturated fatty acids (C14:0, C16:0, C18:0), raising the

cloud point, cetane number, calorific value and stability of the biofuel; and lowering the



31

NOx emissions. Fatty acids containing double bonds are called unsaturated. The double
bonding site is somewhat unstable and can break off or be chemically altered in the
presence of heat and water. Unsaturated fats tend to spoil faster than saturated fats. High
unsaturation level due to increased levels of unsaturated fatty acids (C18:2, C18:3) tends to
reduce biofuel cloud point, cetane number, calorific value and increases NOy emissions
(Tyson, 2006).

Three aspects are significant to decide whether a given feedstock is ‘green’ or
environmentally benign: (i) what was the land use or cover prior to the planting of
biodiesel feedstock, (ii) how much fossil fuel is used in growing the feedstock, and (iii)
competition with food feedstock. Some common plant species (Jatropha, Castor, Palm,
Croton megalocarpus) currently being promoted for biodiesel have been studied in view
of the above three requirements (Milch, n.d.). Jatropha is endemic to India and the oil is
inedible. There are always dangers in importing a foreign plant species in a country, and
for that reasons Australia has banned it. Cultivation requires substantive inputs in fertilizer,
irrigation, herbicides etc. Castor oil is inedible so do not compete with food. Oil yields are
200-2,750 kg/ha. Plant requires irrigation, or substantive water supply. Plant is subject to
fungal and bugs attack. Plant depleted the soil quickly, and fertilizers are required to
sustain yield. Seeds are toxic and dangerous if consumed by humans and animals. Also, the
castor oil is too viscous to produce a good biofuel. Palm oil competes with food. Croton
megalocarpus tree is indigenous to East Africa. Its large scale plantation would not have
adverse ecological effect. Tree has a productive life of about 50 years, fruits drop by itself,
and the oil is inedible. The roots are deep and fertilizers are not needed. In another study,
vegetable oil production for five oil bearing plant species, Aleurites moluccana, Croton
megalocarpus, Jatropha carcas, Moringa oliphera and Pachira glabra, were investigated.
All five varieties were found to contain acceptable but different oil content ranging from
20 to 33 wt%, and seed/nut acreage yield of 3 t/haly to 12.5 t/ha/y. Upstream processing
was needed for A. moluccana to break open nuts to release the kernel, and dehulling for
both C. megalocarpus and J. curcas to release the seeds, before extracting the vegetable
oil, while the seeds of both M. oleifera and P. glabra did not need upstream processing.
The multi-criterion-decision-analysis ranked C. megalocarpus as the plant with the highest

vegetable oil production potential of 1.8 t/haly, followed by M. oliefera, J. curcas (1
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t/haly), A. moluccana, and P. glabra.( Kibazohi and Sangwan, 2011). Aliyu et al. (2010)
also studied the potential of croton megalocarpus and concluded that the croton oil has a

strong potential as a source for biodiesel.

2.4.2 Alcohol and Alcohol-to-Oil ratio
Alcohols are primary and secondary monohydric aliphatic alcohols having 1-8 carbon

atoms. Among alcohols that can be used in the transesterification process are methanol,
ethanol, propanol, butanol and amyl alcohol. Methanol and ethanol are used most
frequently, especially methanol because of its low cost and its physical and chemical
advantages (polar and shortest chain alcohol). It can quickly react with triglycerides and
sodium hydroxide is quickly dissolved in it (Ma and Hanna, 1999). From Reaction 2.2,
three moles of alcohol are needed to transesterify one mole of triglyceride, as per the
stoichiometry. In practice, a higher molar ratio of alcohol-to-oil is needed to drive the
reaction towards ‘right’ to get a higher yield. Section 2.3 gives numerous examples of
alcohol:oil ratios used in transesterification studies. A methanol:oil molar ratio of 6:1 is
found to be quite satisfactory for homogeneous alkaline catalysts (NaOH, KOH).
Homogeneous acid catalysts and heterogeneous catalysts usually require a higher alcohol
ratio for a good vyield. For transesterification of soybean oil with methanol, a 42:1
methanol-to-oil molar ratio was used for 5wt% Zn/l, catalyst giving a 93% yield in 22h (Li
and Xie, 2006), and a 36:1 ratio was used for Nano-MgO catalyst at 3% catalyst, 3 bar to
give a yield of 98% in 0.2h (Wang and Yang, 2007). FAME from Triolein was obtained
using Anion exchange resin catalyst using a 20:1 methanol:triolein ratio giving a 85%
yield (Shibasaki-Kitakawa et al, 2007). On a more moderate side, methanol:oil ratios
ranging from 16:1 to 6:1 have been used for: soybean oil - catalyst KI/SiO, (Samart et al.,
2009), catalyst Mg-Al hydrotalcite ( Xie et al., 2006), catalyst Calcium methoxide (Liu et
al., 2008b), catalyst K,CO3/MgO (Liang et al., 2009), catalyst Na/NaOH/ Al,O3 (Kim et
al., 2004); jatropha oil- catalyst KNO3s/Al,O3 (Vyas et al., 2009); rapeseed oil- catalyst
ZnL,/Cordierite (Kolaczkowski et al., 2009), catalyst LINO3/CaO (MacLeod et al., 2008);
palm oil- catalyst KAI(SO4),.12 H,O (Aderemi and Hameed, 2009), -catalyst
Montomorillonite KSF (Kansedo et al., 2009), catalyst 25%KOH/AI,O; and
10%KOH/NaY (Noiroj et al., 2009), catalyst KF/ZnO (Hameed et al., 2009); sunflower

oil- catalyst Calcium zincate (Rubio-Caballero et al., 2009), catalyst CaO (Granados et al.,
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2007), catalyst K,CO3/ Al,03-SiO, (Lukic et al., 2009), catalyst CaO/SiO, (Albuquerque
et al.,, 2008); palm kernel oil- catalyst SO4/ZrO, (Jitputti et al., 2006), catalyst
CaO/Dolomite (Ngamcharussrivichai et al., 2007). As the molar ratio of methanol is
increased, the reaction rate and the yield increases, but the excess methanol mixes with

glycerol bringing about separation challenges.

2.4.3 Heating mode and reaction temperature
Simulation study of transesterification of triglyceride with methanol gives the enthalpy of

reaction as 10.742 kJ mol ™, which is slightly endothermic (Zhang et al., 2012). Hence a
rise in temperature would favour the FAME formation. For catalytic reactions, a higher
temperature reduces the viscosity and increases mass transfer rates, resulting into faster
reaction rates. However, the highest operating temperature is somehow limited to the
boiling temperature of methanol. If temperatures are raised substantially above the
methanol boiling point, methanol goes into vapour phase, reducing the yield of FAME and
leading to saponification of triglycerides (Eevera et al., 2009). Usual temperature range for
transesterification for FAME is between 323 — 423K (Leung and Guo, 2006; Ma and
Hanna, 1999). For the same reaction temperature, better results are observed when the

heating mode is through microwave irradiation.

2.4.3.1 Microwave irradiation
Mode of heat transfer is another process variable that has been under investigation in the

recent times. Conventional heating is through conduction and convection using
temperature controlled heating mantle, water bath or some other heat exchanger.
Conventional heating methods are energy inefficient leading to high production costs.
Microwave irradiation is an energy efficient, quick heating process for transesterification
(Reefat et al., 2008). Microwave irradiation for biodiesel production is considered green
chemistry due to savings in energy consumption, reaction time, solvent needs; coupled
with higher conversion and better selectivity (Gude et al., 2014)

Microwave irradiation is the electromagnetic irradiation with frequency range of 0.3-300
GHz. They lie in the electromagnetic spectrum between infrared waves and radio waves
between 0.01 and 1m. In general, in order to avoid interference, industrial and domestic
microwave apparatus are regulated to 12.24 cm, corresponding to a frequency of 2.45

GHz, but other frequency allocations do exist. One reason for this is that near to this
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frequency, the microwave energy absorption by liquid water is maximum. Energy
associated with microwaves (1.24x10° — 1.24x10° eV) is lower than the energy of
Brownian motion (2.7x10° eV at 310K) which is not strong enough to even break
chemical bonds as such microwaves cannot induce chemical reactions. Microwaves as an
energy source, produce heat by their interaction with the materials at molecular level
without altering the molecular structure. In conventional heating, heat transferred to the
sample volume is utilized to increase temperature of the surface of the vessel followed by
the internal materials. Therefore, a large portion of the energy supplied through
conventional energy source is lost to the environment through conduction of materials and
convective currents. Heating effect in the conventional method is heterogeneous and
depends on viscosity, conductive and convective heat transfer coefficients and density,
resulting in higher surface temperatures (Reefat and EI Sheltawy, 2008). Microwave
heating offers several advantages over conventional heating such as non-contact heating
(reduction of overheating of material surfaces), energy transfer instead of heat transfer
(penetrative radiation), reduced thermal gradients, material selective and volumetric
heating, fast start-up and stopping and reverse thermal effect, i.e. heat starts from the
interior of material body. Microwaves transfer energy into materials by dipolar
polarization, ionic conduction and interfacial polarization mechanisms to cause localized
and rapid superheating of reaction materials. If a molecule possesses a dipole moment,
when it is exposed to microwave irradiation the dipole tries to align with the applied
electric field. Since the electric field is oscillating, the dipoles constantly try to realign to
follow this movement. At 2.45 GHz, molecules have time to align with the electric field
but not to follow the oscillating field exactly. If a molecule is charged, then the electric
field component of the microwave irradiation moves the ions back and forth through the
sample while also colliding them into each other. This movement again generates heat. In
addition, because the energy is interacting with the molecules at a very fast rate, the
molecules do not have time to relax and the heat generated can be, for short time, much
greater than the overall recorded temperature of the bulk reaction mixture. In essence, there
would be instantaneous localized superheating. In terms of biodiesel production, the

resultant effect could include: more effective heating, fast heating of catalysts, reduced
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equipment size, faster response to process heating control, faster start-up, increased
production, and elimination of process steps (Gude et al., 2013).

Demirbas (2002), and Sinnwell & Ritter (2007) have reported 5 — 1000 times increase in
reaction rates under microwave irradiation. Such increase can be justified through

thermodynamics of reaction. Arrhenius equation for reaction rate constant, k:

k=AgE/RT (Levenspiel, 1972)  ..2.6
In Equation 2.6, E, the activation energy, is the difference of Gibbs energy 4G. Hence,
k=Aeg“¢/R 2.7

Reaction rate can be increased by increasing frequency factor A, which is the molecular
mobility that depends on frequency of the vibrations of reacting molecules. This is directly
related to microwave action.

Alternatively, reaction rate can also be increased by decreasing AG (= AH — TAS'). Since
microwave irradiation effects are highly irreversibly, 4S is large. Also temperature T is
high (superheating). Combined effect leads to lowering of Gibbs energy of change
(Perreux and Loupy, 2001).

Barnard et al. (2007) estimated the energy consumption in a continuous flow microwave
irradiated biodiesel production in a scientific microwave oven, for 4 | reactor, 7.2 I/min
flow rate and 6:1 methanol to oil ratio. It was found that microwave irradiated heating was
more energy efficient than the conventional heated apparatus. Using the same microwave
oven, batch and continuous-flow preparation of biodiesel derived from vegetable oil and 1-
butanol was reported. Reaction was carried out at atmospheric pressure, in a continuous
mode for flow rates up to 2.3 I/min using a 4 | reactor vessel. Both new and used vegetable
oil was used at 6:1 1-butanol to oil ratio. Catalyst was sulphuric acid and potassium
hydroxide (Leadbeater et al., 2008). Microwave activation has also been reported for
enzymatic catalysts. The enzymatic microwave assisted biodiesel synthesis from macauba
(Acrocomia aculeate) oil and ethanol using Novozyme 435 and Lipozyme IM was studied
using statistical design of experiments. The investigation variables were reaction
temperature, time and enzyme loading. A significant effect of the reaction time in reducing
the catalytic activity was observed which interpreted in terms of enzyme deactivation due
to microwave exposure. The enzyme loading also played an important role, however the

effect of temperature was minor appearing only in the effect of variable interactions. The
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resulting comparison between biocatalyst activity in absence and presence of microwave
showed that the activity increased about one order of magnitude due to microwave
(Nogueira et al., 2010). Sunflower oil and Waste vegetable oils (WWQOs) were converted
into biodiesel by microwave irradiation and a study was made about optimum reaction
time and the performance of biodiesel produced. Oils were reacted with methanol in
presence of potassium/ sodium methoxide catalyst. Catalyst loading was 0.5% and 1.0%
w.w., reaction time was for 1-3 h under reflux at 333-343K. For conventional heating,
reaction time was 60 min, separation time was 480 min and yield 96%; whereas for
microwave irradiation the respective times were 2 min and 30 min, and yield of 100%. It
was observed that for microwave irradiation, the yield was 100% at 2 min, and started to
drop later. At a time of 4 min, the yield was about 60%. Exceeding of optimum reaction
time reduced the yield and also the quality of biodiesel produced (Reefat et al., 2008). In a
study of continuous transethylation of vegetable oils by microwave irradiation
Lertsathapornsuk et al. (2005) prepared fatty acid ethyl esters (FAEE) from coconut, rice
bran and used palm oils in a modified home-made microwave oven (800 W). Good yields
of FAEEs were obtained with 1.0% sodium hydroxide (in excess) as a catalyst. With the
alcohol to oil ratio of 9:1, 100% conversion is obtained within 30s for coconut oil, 94%
conversion for rice bran and 83% conversion for used frying oil. Percent conversion is
slightly increased for used frying oil but not for rice bran oil when the reaction time is
increased to 60s. The temperatures of the reaction mixtures rapidly increased to the boiling
point of alcohol within 30s and increased slightly above the boiling point of the alcohol, to
356.5K at 60s. When the used frying oil was thinned with kerosene (1:1 v/v), percent
conversion was 92% in 30s, which was slightly higher than the un-thinned oil. Percent
conversion remained constant at longer reaction times. Reaction temperature was lower
than the un-thinned oil (344 K at 30s and 353.3 K at 60s). Transesterification of castor oil
by microwave irradiation was studied by Perin et al. (2008). Reaction was carried out in
presence of methanol or ethanol, using a molar ratio of alcohol/castor bean oil of 6:1, and
10wt.% of acidic silica gel or basic alumina (in relation to the oil mass) as catalyst. Under
acid catalysis, the reaction occurred with satisfactory yields using sulphuric acid
immobilized in silicon dioxide, methanol under conventional conditions (333 K for 3 h) as

well as using microwave irradiation for 30 min. The best results were obtained under basic
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conditions (Al,03/50%KOH) using methanol and conventional (333 K, stirring, 1h) or
microwave condition (5 min). In comparison with conventional heating, the catalyzed
alcoholysis assisted by microwaves was much faster and led to higher yields of the desired
fatty esters. In a study involving ultrasonic mixing and closed microwave irradiation to
assist transesterification of soybean oil, it was observed that the optimal reaction
conditions corresponded to 1 min ultrasonic mixing and 2 min closed microwave
irradiation. The optimal reaction conditions that can reach 97.7% of conversion rate were-
amount of catalyst used 1.0wt.%; reaction temperature 333K; and methanol to oil ratio 6:1
(Hsiao et al., 2010). Microwave assisted catalytic transesterification of Camelina sativa
oil using both homogenous and heterogeneous catalysts has been reported. Three different
types of catalysts: homogeneous catalysts (NaOH and KOH), heterogeneous metal oxide
catalysts (BaO and SrO), and sol-gel derived catalyst (BaCl,/AA and SrCl,/AA) were
evaluated for their efficiency in biodiesel production. For maximum biodiesel yield, the
conditions were: for KOH - methanol to oil ratio 1:9, catalyst concentration 1 wt.%,
reaction time 60s; for NaOH- methanol ratio of 1:9, catalyst concentration 0.5 wt.%,
reaction time 60s; for BaO- methanol ratio to oil ratio of 1:9, catalyst concentration 1.5
wt.%, reaction time 4 min; for SrO- methanol to oil ratio of 1.9, catalyst concentration of 2
wt.%, reaction time 4 min. In case of sol-gel derived catalysts, different catalyst holding
rates of 1-10 mmol/g were evaluated. Low biodiesel yields of 10-25% on the sol-gel
derived catalysts were obtained. Satyanarayanareddy and Regupathi (2013) studied
microwave assisted batch and continuous transesterification of karanja (Pongamia pinnata)
oil using KOH homogeneous catalyst. RSM was applied for optimization of the variables.

Attempts have been made to compare the energy requirements for conventional and
microwave irradiation. The estimations are based on various assumptions, and therefore
should be used with caution. On the basis of energy consumptions in the transesterification
processes with both conventional heating and microwave heating methods, evaluations
showed that microwave heating consumes less than 10% of the energy to achieve the same
yield as conventional heating (Patil et al., 2010b; Patil et al., 2011 ). A continuous
transesterification process using conventional heating is estimated to consume 94.3 kJ/L of
energy (Chand et al., 2010), where as a continuous microwave irradiated process consumes

26 kJ/L (Barnard et al., 2007). In a transesterification study using waste cooking oil and
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employing microwave and ultrasound irradiation, energy consumption of 0.3- 1.3 kJ/g has
been reported ( Martinez-Guerra and Gude, 2014). Power requirement depends upon the
power output of the microwave reactor. Microwave irradiation studies so far have been on

lab scale devices using very small reactor volumes, which limits the scaled up estimates.

2.4.4 Reaction Time
A study with groundnut oil, sunflower oil and soybean oil, with methanol to oil ratio of

6:1, sodium methoxide catalyst 0.5% (w/w) and at temperature of 333 K, gave a 60% vyield
within one minutes and about 98% vyield after one hour showing that the conversion rate
increased with time (Freedman, 1984). A similar study with beef tallow had a very slow
reaction rate in the first five minutes, and a maximum value at 15 minutes. Slow mass
transfer rate between methanol and tallow in the early period was suspected to be the cause
(Ma and Hanna, 1999). For heterogeneous catalysts, in conventional heating, the reaction
rate increases to about 180 min, and remains constant thereafter (Leung and Guo, 2006).
For microwave irradiation, the time for highest reaction rate can be 3-5 min, as mentioned
in Section 2.4.3.1 (Patil et al., 2011). If reaction time is exceeded beyond a certain
optimum, the yield begins to drop due to increase in reverse reaction and formation of soap
(Eevera et al., 2009; Maa et al., 1998).

2.45 Mixing
Mixing increases mass transfer rate. In a study on effect of mixing on beef tallow, because

melted beef tallow and sodium hydroxide-methanol are immiscible there was no reaction
without mixing. When reaction mixture was mixed at substantive speed, reaction time
controlled the yield. This suggested that the mixing speed exceeded the threshold speed. At
lower mixing speeds, reaction time was longer. It was observed that the smaller the droplet
size, higher the reaction rate (Ma and Hanna, 1999; Stamenkovic’et al., 2007 ). In another
study of the transesterification of Jatropha curcas oil in homogeneous catalyst, it was
observed that the reaction is diffusion controlled. Without mixing, the reactants and
catalysts form distinct layers and no reaction takes place. Rate of formation of butyl ester
increases almost linearly with the revolution rate of mixer impeller in the early stages of
reaction; whereas at later stages, the effect of mixing speed is not so predominant and very
soon the conversion becomes independent of stirring speed (Kumar V and Kumar J, 2008).

In a study of alkali catalyzed transesterification of Pongamia pinnata oil it was found that
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the yield became independent of stirring speed after 360 rpm (Meher et al., 2006). A
perfect mixing with no mass transfer resistance was observed at 600 rpm for NaOH
catalyzed transesterification of sunflower oil (Marjanovi¢ et al., 2010; Vicente et al.,
2005). Noureddini and Zhu (1997) also reported a negligible mass-transfer controlled
region at a mixing speed of 600 rpm for soybean oil transesterification. Jain and Sharma
(2010) obtained a complete mixing at 400 rpm for base catalyzed transesterification of
Jatropha curcas oil. In another study for Jatropha curcas oil transesterification, beyond
150 rpm mixing rate had no effect on yield (Jha et al., 2007). For sunflower oil
transesterification, mass transfer resistance was noticeable at 200 rpm, which became
insignificant at mixing speed of 400 rpm and above (Bambase et al., 2007). The above
studies show that complete mixing was observed for mixing speeds ranging from 150 to
600 rpm. A mixing speed of 600 rpm can be safely taken to be sufficient to eliminate mass

transfer resistance for homogeneously catalyzed transesterification.

2.4.5.1 Ultrasonic mixing
Hsiao et al. (2010) employed ultrasonic mixing equipment operating at 20 kHz and 600 W

output. Ultrasonic field induced an effective emulsification and mass transfer so that the
rate of ester formation under ultrasonic mixing was higher than that under normal stirring
condition. An ultrasonic mixing of 10 min gave a 90.2% conversion of soybean into
FAME under conventional heating. A combination of ultrasonic mixing of 1 min, and
microwave irradiation of 2 min, gave a 97.7% FAME conversion. Notably, microwave
irradiation alone with no mixing gave a maximum conversion of 21% in 10 min.

2.4.6 Co-solvents
Transesterification reactions involving homogeneous catalysts involve two immiscible

phases, oil and catalyst-alcohol solution, whereas it becomes a three-phase system when an
heterogeneous catalyst is used. In such cases, mass transfer resistances can become rate
controlling unless very efficient mixing is employed. A co-solvent which is miscible to
both alcohol and oil can reduce such resistance, and thereby increase reaction rate.
Solvents such as hexane, ethers and tetrahydrofuran have been tested with encouraging
results. Transesterification of camelina oil using supercritical methanol with hexane as a
co-solvent was investigated to study the methyl ester conversion process. It was found that

co-solvents play a vital role in reducing the severity of critical operational parameters and
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maximize the biodiesel yield (Patil et al.,, 2010a). In another study, homogeneous
transesterification of sunflower oil was studied in presence of KOH catalyst and
tetrahydrofuran as a co-solvent; and heterogeneously base-catalyzed transesterification
was investigated with CaO catalyst and co-solvents such as tetrahydrofuran, n-hexane,
dioxane, diethyl ether, triethanolamine, ethyl acetate and methyl ethyl ketone. For
homogenous catalysis, methanolysis increased with increasing the tetrahydrofuran
concentration up to 50% of the oil mass, which was due to the self-enhancement of the
interfacial area as the result of decreasing the mean drop size. No effect of tetrahydrofuran
present at the concentration of 20% on the rate of CaO-catalyzed methanolysis was
observed, but at higher tetrahydrofuran concentrations, the reaction was delayed and the
final FAME vyield was decreased. Of all tested co-solvents, only n-hexane and
tetrahydrofuran slightly improved the methanolysis reaction in its initial period,
triethanolamine and ethyl acetate had no effect, while diethyl ether, dioxane and methyl
ethyl ketone negatively influenced the reaction rate and the FAME yield (Todorovic” et al.,
2012). A BIOX co-solvent process developed by Professor David Boocock of the
University of Toronto uses tetrahydrofuran as the co-solvent. The patented process is a
continuous process which is not feedstock specific, and gives up to 99% conversion in

seconds at ambient temperature (Demirbas, 2009).

2.4.7 Reactor system
Batch reactors have advantage of easy control but are used for small and medium

production rates. The CSTRs are used for large production rates, mostly in cascade of 2 or
3 (Bacovsky et al., 2007). The first reactor may be of larger volume so that the mixture
spends more time in it, thus achieving a higher conversion. Biodiesel phase from produce
is separated and sent to the second reactor to give a high yield of the order of 98%
(Muniyappa et al., 1996). PFRs have been tested in laboratory studies but commercial
installations are not existing. In a study, a PFR gave a biodiesel yield of 91.7% in 19 min
of residence time, at 338K, using 1.2 wt% of KOH, and methanol to rapeseed oil ratio of
6:1 (Lu et al., 2010).
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2.5 Raction Kinetics

2.5.1 Introduction
Chemical kinetics of a reaction is needed for chemical reactor design for an industrial

process. A reactor design needs information about the reaction rate constants, reaction
order and activation energies. Study of kinetics looks into the factors that influence the
reaction rate and comes up with these information. Designs are simplified for reaction
systems involving very fast or instantaneous reactions. In such systems an equilibrium
state may be assumed whereby kinetics information is not needed, and thermodynamics of
reaction is sufficient for reactor design (Levenspiel, 1972). However, transesterification
reaction is known to be a slow reaction and obviously does not fall into this category.

Transesterification reactions can be written in the following stoichiometric form.

Overall reaction: A + 3B ’:,',i; 3R+ S ...(2.8)
The reaction (5.1) occurs in three steps:

Step 1 A+ B 52 DG+ R ...(2.9)
Step 2 DG + B 5,5 MG + R, ...(2.10)
Step 3 MG + B 5.7 S+ Ry ...(2.11)

In the above, A is a triglyceride (TG), DG is diglyceride, MG is monoglyceride. R, Ry, Ry,
Rs represent FAME, B is methanol and S is glycerol. k; , ks, ks and k7 are the forward
reaction rate constants, and k; , ks , ks and kg are the reverse reaction rate constants.
Reactions are usually catalytic since reaction rates are slow. Exceptions are the reactions
carried under supercritical conditions where a catalyst may not be needed, but such
operating conditions are too expensive for large scale production. Reaction mechanisms for
homogeneous and heterogeneous catalyst systems are different and hence treated
separately.

2.5.2 Reaction Kinetics for Homogeneous Catalysts

In the published literature observed reaction rates show a lot of variance. Complications
arise due to mass transfer limitations in the two phase reacting system. One of the earliest
pioneering work on homogeneous reaction kinetics is of Noureddini and Zhu (1997) for
transesterification of soybean oil using NaOH catalyst. Differential reaction rates for the

three-step reactions were correlated with experimental data and reaction rate constants, and
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activation energies, for forward and reverse reactions obtained. Initial reaction rates were
slow and it was due to mass transfer limitations. Reaction rate increased with mixing
intensity (Reynolds number) in this region of slow reaction. A second phase was when the
reaction becomes fast, and was kinetics controlled. Kinetics was second order and mixing
Reynolds number had little effect in this region. A third phase was when the reactions slow
down once again which was attributed to equilibrium state where reverse reactions come
into play. Darnoko and Cheryan (2000) observed a pseudo second order reaction in the
first 30 minutes, and first or zero order in the later part for transesterification of palm oil
using KOH catalyst. Integrated form of rate equations based on triglyceride, diglyceride
and monoglyceride concentrations were used for data analysis and forward reaction rate
constants and activation energies for the three-step reactions have been reported. In a
similar study of palm oil transesterification (Leevijit et al., 2004), it was observed that
reverse reactions were insignificant, and at high mixing intensity (Re = 2000) the mass
transfer controlled region was negligible. A second order reaction was observed, and
forward and reverse reaction rate constants for the three-step reaction were obtained.
Transesterification kinetics of sunflower with methanol was studied by Vicente et al.
(2005), Bambase et al. (2007), and with ethanol by Marjanovi¢ et al.(2010). Vicente et al.
(2005) included the catalyst (KOH) concentration in the reaction rate by defining an
effective rate constant which was a multiple of catalyst concentration and the rate constant.
This unconventional approach to kinetics resulted in a second order reaction kinetics.
Reaction rate constants and energies of activation were reported. Bambase et al. (2007)
used NaOH catalyst and observed a second order rate. Mass transfer limitations were
minimal for stirring speeds of 400-600 rpm. Reaction rate constants for forward and
reverse three-step reactions were reported. Marjanovi¢ et al.(2010) used NaOH catalyst
and reported reaction kinetics for the overall reaction (Equation 2.1). Mass transfers
limitations were neglected. Initial reaction phase was modelled as irreversible second
order, and the later phase as a reversible second order. Reaction rate constants and
activation energies were reported. Similar results are reported for methanolysis of
sunflower oil using KOH catalyst by Stamenkovic™ et al. (2008) at low temperatures of
283- 303K, using the overall reaction. Jain and Sharma (2010) studied the two-stage

esterification/ transesterification of Jatropha curcas oil with methanol using H,SO,/ NaOH
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catalysts. They used the overall reaction and obtained a first order reaction rate for both
stages. Reaction rate constants for both the stages are reported. Jain et al. (2011) studied
the two stage esterification/ transesterification of waste cooking oil with methanol using
H,SO,4/ NaOH catalysts. They used the overall reaction and observed a first order reaction
rate for both stages. Reaction rate constants for both the stages were reported. A
supercritical non-catalytic, and homogenous catalytic using KOH, transesterification of
Croton megalocarpus oil with methanol gave a first order reaction for the overall reaction
(Kafuku et al., 2011).

The above mentioned kinetic studies on soybean oil, sunflower oil, palm oil, Jatropha
curcas oil, waste cooking oil and Croton megalocarpus oil show that the observed reaction
order varied from zero to two. Initially the reaction system consists of two phases and mass
transfer controls, but very soon the reaction system becomes pseudo homogeneous and
chemical reaction becomes rate controlling. Initial studies focussed on detailed reaction
kinetics for the three reaction steps which yields reaction rate constants for forward and
reaction rates and activation energies for the three reactions. However, most of the recent
studies ignore the reaction steps and work on the overall transesterification reaction. The
justification, besides the obvious simplified mathematical modelling, is that the design of a
reaction system to produce FAME would need rate data for the overall reaction rate rather
than the reaction constants for intermediate steps. This is the approach adapted in the
present study.

2.5.3 Reaction Kinetics for Heterogeneous Catalysts

2.5.3.1 Literature summary

Literature has already been briefly reviewed above in this chapter. Intention here is to
summarize the mechanism details. There have been fewer studies involving heterogeneous
catalysts as compared to homogeneous catalytic systems. One reason is that application of
solid catalysts for transesterification is relatively recent, another is the complex three-phase
reaction system that further complicates reaction mechanism. Dossin et al. (2006a, 2006b)
studied kinetics of transesterification of ethyl acetate with methanol over MgO catalyst. A
perfect mixing was assumed with methanol adsorption as rate determining. Eley-Rideal
mechanism, where methanol was adsorbed on metal surface and ethyl acetate was in liquid

phase, fitted to the experimental data. Activation energy was obtained which indicated that
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the MgO catalyzed reaction was faster than homogeneous base catalyzed reaction.
Transesterification of soybean oil over MgO, CaO, BaO, PbO, and MnO, catalysts was
studied by Singh and Fernando (2007). A general rate equation based on overall reaction
(Equation 2.1) was used, and integrated form fitted to experimental data. Reaction was of
first-order with respect to methanol and zero-order with respect to triglyceride for PbO,
MgO, MnO,, CaO; and of first-order with respect to methanol and second-order with
respect to triglyceride for BaO. Reaction rate constants were obtained assuming reaction to
be irreversible. A similar approach to reaction modelling was used by Patil et al. (2011) for
transesterification kinetics of Camelina sativa oil over BaO, CaO, MgO, SrO catalysts,
using conventional and microwave heating. For conventional heating the observed reaction
rate orders were: second-order with respect to triglyceride and first-order with respect to
methanol for BaO and SrO; zero-order with respect to triglyceride and first-order with
respect to methanol for CaO; second-order with respect to triglyceride and zero-order with
respect to methanol for MgO. For microwave heating the observed reaction rate orders
were: second-order with respect to triglyceride and first-order with respect to methanol for
BaO, and second-order with respect to triglyceride and zero-order with respect to methanol
for SrO. Veljkovicet al. (2009) studied the methanolysis of sunflower oil catalyzed by
Ca0. A simplified model was used assuming pseudo-first order rates for methanol
adsorption and triglyceride surface reaction. Resulting integrated form of first order rate
equation satisfied the experimental data. Mass transfer resistance was eliminated by
intensive mixing. Kafuku et al. (2011) assumed a first order reaction rate for
transesterification of Croton megalocarpus oil over sulphated SnO, catalyst and reported
activation energy and reaction rate constant. Wang and Yang (2007) studied the
transesterification of soybean oil in supercritical and subcritical methanol using constant
molar methanol ratio. The overall stoichiometric equation was used for kinetics modelling,
and since methanol concentration was assumed to be constant, a first-order rate equation in
terms of triglyceride concentration was written. Kouzu et al. (2008) studied
transesterification of soybean oil over CaO catalyst and noted that the reaction rate was a
function of soybean oil concentration. Reaction rate constant was obtained based on this
observation of first-order reaction with respect to oil, using the overall stoichiometry.

Because of the complex reaction system, most of the studies have been on the overall
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reaction kinetics, and there are a lot of variations in reported kinetic models and observed

reaction orders.

2.5.3.2 Reaction Mechanism
Reaction system for transesterification for FAME consists of three immiscible phases in

feedstock: triglyceride, methanol, and a solid catalyst. After completion of reaction, FAME
and glycerol are also immiscible. In a solid-liquid-liquid system, the resistance to reaction
could be due to the following seven steps ( Boudart, 1984):

Q) Diffusion of reactant molecules through bulk liquid phase to catalyst surface

(i) Diffusion of reactant molecules through liquid-solid surface or catalyst pore

(iii)  Adsorption of reactant molecules on catalyst active sites

(iv)  Chemical reaction at catalyst surface

(V) Desorption of product molecules from catalyst active sites

(vi)  Diffusion of product molecules through liquid-solid surface or catalyst pore

(vii)  Diffusion of reactant molecules through catalyst surface to bulk liquid phase
The slowest of the above steps determine the reaction rate, called rate controlling. Other
steps are assumed fast, and always in equilibrium.
In transesterification kinetics studies, resistances in steps (i), (ii), (vi) and (vii) are
eliminated by the use of efficient mixing. A criterion for perfect mixing in a batch slurry
reactor is (Thoenes, 1994) :

N, > (120%)0'5 (””””p%“)o5 (‘;—f)o'les €025 (2.12)
In equation 2.12, N, = impeller speed (s?), d; = impeller diameter (m), g = acceleration of
gravity (m?s™) , ppwet = density of catalyst filled with liquid (kg m™), p. = density of liquid
(kg m*), d, = particle diameter (m), and & = catalyst fraction in slurry.

Once mass transfer resistance is eliminated by intensive mixing conforming to above
criterion, the parameters affecting the reaction rate are adsorption of reactants, surface
reaction and product desorption. Several theories are proposed but the two main theories
are Langmuir- Hinshelwood and Eley-Rideal. Langmuir- Hinshelwood mechanism for
catalytic processes postulated that the rate of heterogeneous reaction is controlled by the
reaction of the adsorbed molecules, and that all the adsorption and desorption processes are

in equilibrium. The Eley-Rideal mechanism, on the other hand, envisaged that a
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heterogeneous reaction could take place between strongly adsorbed atoms (chemisorbed),
and molecules held to the surface by weak, van der Waals forces (physical adsorption)
(Thomas and Thomas, 1967). Both mechanisms have been used to explain heterogeneous
reaction mechanism but for the vast majority of surface catalytic reactions, including
transesterification, it has been accepted that the Langmuir—Hinshelwood mechanism is
preferred (Baxter and Hu, 2002).

2.5.3.2.1 Langmuir—Hinshelwood mechanism
Based on the reaction mechanism for catalyst CaO as given in Figure 2.5, both triglyceride

molecule and methanol molecule can be chemisorbed on the basic catalyst surface before
the surface reaction takes place. Based on a chemisorption model proposed for ethyl
acetate (Hattori et al., 2000) it can be presumed that triglyceride molecule will also be
chemisorbed on a basic catalyst since it also has —C=0O group, similar to ethyl acetate.
Secondly, a chemisorbed methanol molecule may not be able to react to a free large
triglyceride molecule, in which a long alkyl group is attached to the carbon atom in the —
C=0 group, in bulk phase. This suggests that reaction with chemisorbed methanol is more
likely when the triglyceride is immobilized on the catalyst surface through chemisorption.
This scenario leads to Langmuir—Hinshelwood mechanism where transesterification takes
place between chemisorbed triglyceride and methanol molecules. Overall reaction given

by equation 2.1 can be assumed to take place in five-steps:



kadsB
Chemisorption B+* =< B*
kdesB

A4 o kadsA A*

kdesA

Surface reaction A* + 3B* —> 3R* + S*

kdesR
Desorption R* =—— R+ *

kadsR

kdesS
S* —_— S + *

kadsS

In the above scheme asterisk (*) represents an active-site on catalyst surface; Kags and Kges

are adsorption and desorption rate constants for species A, B, R and S; and ksgr is the

2.13

2.14

2.15

2.16

2.17
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surface reaction rate constant. B*, A*, R* and S* represent adsorbed species. A reaction

kinetic model based on equations 2.13 -2.17 is obtained based on the following

assumptions:

Q) Reaction system is completely mixed such that mass transfer resistance for

reactants and products in bulk is negligible.

(i)  Alkaline earth metal oxides are microporous solids with relatively small

external surfaces as given in Table 3.13. Hence the adsorption may be
assumed to be of first order Langmuir type (Section 3.2.2.2).

(iii)  For such reactions methanol is always in surplus which leads to an

assumption that fraction of catalyst surface occupied by chemisorbed

methanol is constant.

(iv)  Reverse surface reaction is negligible since reactant methanol is in excess.

This is justified by published reaction rate constants for reverse reactions
(Noureddini and Zhu, 1997; Darnoko and Cheryan, 2000; Leevijit et al.,

2004).
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(V) Adsorption and desorption steps are in equilibrium. Also, since fraction of
adsorbed methanol on catalyst surface has been assumed constant, surface
reaction follows a pseudo-first order with respect to triglyceride, and is rate
controlling.

(vi)  Concentrations of intermediate monoglyceride and diglyceride are

negligible, and do not affect overall kinetics.

Rate of disappearance of triglyceride (A), —ry = 44l _ ksr f5 [A *] ...(2.18)

t

where fg is the fraction of solid surface occupied by methanol (B).

Rate of adsorption of triglyceride on solid surface = Kagsa [A]( 1 —T) ..(2.19)
where f total fraction of solid surface occupied.

Adsorbed triglyceride is used up in surface reaction and also possibly desorbed, which is

given by: ks f5 [A*] + kgesalA =] -.(2.20)
Equating equations (2.19) and (2.20),

Kagsa [AI(1—F) = keg fp [A*] + kaesalA ] ...(2.21)
we get, [A+] = Xadsa[A)C1-1) ...(2.22)

ksr fB + Kdesa

Substitute for [A*] in equation (2.18), we get

—Ty=———=

dc[;l] kg f, KaasaAICLZD) _ [kstadsAfB“—f N4l ..223)

kgesa + ksr fB kgesa + ksr fB

We define, Kops = ksr Kadsa 5 (12/) , where kops i the observed reaction rate constant.
Kdesa t ksr fB

Equation (2.23) now becomes,
d[A
—1y = — T8 = ko [4] .(2.24)
It shows that the observed rate is a first order with respect to triglyceride.

If the initial concentration of triglyceride is [A], , and Xxa is the conversion of triglyceride

into FAME, then [A] =[Alo (1 —Xa) ...(2.25)
And equation (2.24) is integrated to give
—In(1—Xa) =kopst + Cy ...(2.26)
C; is the integration constant. If the feed does not contain any FAME in the beginning,
C1=0. And, —In(1 —Xa) = Kops t ..(2.27)

Equation (2.27) is the integrated form of the rate equation for Langmuir—Hinshelwood

mechanism.
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2.5.4 General Rate Equation
Langmuir—Hinshelwood mechanism predicts a first order rate with respect to triglyceride

concentration. However, as seen in Section 2.5.3.1, the observed rate varies from zero to
second order with respect to methanol and triglyceride. Also, the observed rates are
different for conventional heating and microwave irradiation. A general rate equation has
been developed (Singh and Fernando, 2007; Patil et al., 2011) which can take care of
varying reaction orders with respect to methanol and triglyceride. This rate equation is
applicable to both homogeneous and heterogeneous catalyst systems since it is based on
the overall reaction. Overall stoichiometry (Equation 2.1) is written for a forward reaction,

assuming negligible reverse reaction.

K
Overall reaction: A+3B —> 3R+ S ...(2.28)

Rate of reaction, written as rate of disappearance of triglyceride, A is:

_ % = k [A]™ [B]" ..(2.29)

—r, =
In equation (2.29), m and n are the reaction orders with respect to triglyceride and
methanol respectively, k is the reaction rate constant, and t is the time. By taking mass
balance on triglyceride,

[A]1=[Alo (1 —Xa) ..(2.30)
In equation (2.30), [A], is the initial triglyceride concentration, and xa is the conversion.
Similar mass balance on methanol gives,

[B] = [Blo —3xa[Alo =[Alo (a8 —3Xa) ...(2.31)
Here, og = [B]o/ [Alo
Equations 2.30 and 2.31, when substituted in 2.29, give:

T4 = k[T (1= %)™ (g — 32)" (2.32)
or, | dxa = k[A]"" Y [de ...(2.33)

(1-xa)™ (ap—3x4)"
Limits for the integral are: xa=0 at t=0; and Xa =Xaat t.
Integral has been evaluated for overall order varying from 0 to 3, for different
combinations of m and n, and the integrated form of rate equation is given in Table 2.1.
Appendix B gives the detailed algebra.
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Table 2.1 : Integrated form of rate equation (Eqn 2.33)

Case Owverall m n Rate equation Equation
order number
1 0 0 O [Aloxa = kt 2.34
2 1 1 0 ln<1_xA)= Kt 2.35
3 1 0 1 —%ln <“B ;B3XA> ke 2.36
4 2 1 1 (aBl_ 5 In ((js_—xj’)?z) k4]t 2.37
5 2 2 0 (1 iAxA) = k[A],t 2.38
6 2 0 2 %_xm = k[A], ¢ 2.39
s e 2
€ ST (C et el v A L
9 3 3 0 ((21—_36:3)962;; — 2k 4]t 242
10 3 0 3 1 %:6k[A]?,t 2.43

(ap — 3x,)? - ap

Equations 2.34 to 2.43 in Table 2.1 are equations of straight line. A plot of left-hand-side, a
function of conversion xa, versus time t would be a straight line for the appropriate m and

n. Reaction rate constant, k , can be obtained by the slope.

2.5.4.1 Activation energy for the reaction
Chemical reaction rate constant, k , is a temperature dependent term. The temperature

dependency is well represented by Arrhenius’ law (Levenspiel, 1972):
k= koe &% .26
An alternate expression of Arrhenius’ law is:

k= k, T"e ERT o<m<l1 2.44
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The exponential term in the above equation (2.44) is so much more temperature-sensitive
than the T™ term, the variation of k caused by the later is effectively masked, and the
expression reduces to equation 2.6. Equation 2.6, in logarithmic form is:

Ink=Ink, - E/RT 2.45

Hence a plot of In k versus 1/T is a straight line with a slope of (-E/R).

2.5.4.2 Enthalpy and Gibbs Energy
Standard Enthalpy of Formation and Standard Gibbs Energy of Formation (at 298.15K) for

Croton megalocarpus oil triglyceride were estimated for fatty acid mass composition given
in Table 3.11 (Chapter 3), and using published fatty acid ester thermodynamic data
(Yancy-Caballero and Guirardello, 2013). The estimated values were: AH% 298 = —1576.11
kJ/mol and AG% 29 = —125.76 kJ/mol. Similar calculations for Croton megalocarpus oil
Fatty Acid Methyl Esters gave molar average values as: AH% 23 = —541.31 kJ/mol and
AG® 298 = —69.97 kJ/mol. Standard Enthalpy and Gibbs energy changes (at 298.15K) for
the transesterification reaction (Eqn 2.2) were estimated as: AH%gg = —22.95 kJ/mol and
AG®98 = —44.29 kJ/mol. The entropy change at 298.15K was, AS,9g = 0.0716 kJ/mol K.

Enthalpy change for the reaction shows that the reaction is slightly exothermic. Gibbs
energy change is negative indicating that the reaction is spontaneous. However,
considering absolute value of Gibbs energy change, the reaction rate would be extremely

low.
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3 CHARACTERIZATION OF CROTON MEGALOCARPUS OIL AND
ALKALINE EARTH CATALYSTS

3.1 Characterization of Croton megalocarpus oil
Characteristic physical properties of Croton megalocarpus oil are required to appropriately

design the transesterification reaction. Such properties are also need to scale-up the process
from lab to pilot and to industrial scale. Characterization of croton megalocarpus oil was
carried out by using standard analytical techniques.

3.1.1 Materials
The fruits harvested from Croton trees from Kesses region (Uasin Gishu) were sun dried

and outer shell removed to obtain the seeds. These seeds were used to study the oil content.
Croton oil was also obtained from Help-Self-Help Group, Nairobi.
General laboratory reagents were of analytical grade. Equipment employed are mentioned

under the specific tests.

3.1.2 Characterization methods and Results
Experimental methods to determine various characteristic physical properties, and

subsequent results are given below (Kumar et al., 2013). Results from similar studies from
other counties are also provided for comparison purposes. Properties are likely to vary

since the oil is a natural product.

3.1.2.1 Oil content of Croton seeds
Mechanical extraction and Solvent extraction were employed to estimate the yield of oil.

3.1.2.1.1 Mechanical extraction
The seeds were heated for about 20 minutes in an oven (WTC binder) at a 373-378K. A

locally fabricated Ram press was used to manually extract the oil. Extraction yielded a 15.5

wt% oil (on seed basis). The yield was low due to poor efficiency of press.

31212 Solvent extraction
Soxhlet apparatus was used for solvent extraction. Hexane and Diethyl ether were used as
solvent. Hexane gave a yield of 49.2 wt%, and diethyl ether gave a yield of 49.8 wt% of oil

(seed basis). Table 3.1 gives the results and also cites published data.
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Table 3.1: Oil content of Croton seeds

Present work  Literature
Oil, wt% 49.8 Wagutu et al., 2009); 32.6 (Kibazohi and Sangwan, 2011)

3.1.2.2 Density
Oil density was measured as per ASTM D4052 by DMA 4500M Density meter. Results

are given in Table 3.2, which also cites published data.

Table 3.2: Density of Croton oil

Present work Literature
Density 871.8(353K), 864.9(363K), 858.0(373K) (Wu et al., 2012); 918
(kg m‘3) 929.2 (293K) (298K) (Kafuku and Mbarawa, 2010), (Wagutu et al., 2009); 924

(mechanical extraction), 904 (chem. extraction) 288K (Aliyu et al.,
2010); 916.8 (Kafuku et al., 2011)

3.1.2.3 Viscosity

Kinematic viscosity of oil was measured as per ASTM D445, by Automatic viscometer

CAV2200. Table 3.3 gives the measured viscosity, and also gives published data.

Table 3.3: Viscosity of Croton oil

Present work Literature
Viscosity Kinematic: 28.52 ¢ST (313K), 27.7 cST (313K) (Wagutu et al., 2009); 49.4 cST
7.12 ¢ST (373K) (313K) (Kafuku et al., 2011); 30.37 cST (313K)

Dynamic: 0.0265 Pa.s (313K), (mechanical extraction), 23.48 cST (313K) (chem.
0.0066 Pa.s (373K) extraction) (Aliyu et al., 2010)

3.1.2.4 Refractive Index
Refractive index of Croton oil was obtained by Abbe refractometer. Table 3.4 gives the

refractive index, and also cites value from literature.
Table 3.4: Refractive Index

Present study Literature
Refractive index 1.4737 (293K) 1.4728 (Wagutu et al., 2009)
3.1.25 Sulphur Content

Sulphur content of Croton oil was estimated by use of Sulfur-in-Oil Analyzer SLFA-
2100/2800, HORIBA. Table 3.5 gives the measured Sulphur content, and also cites values
from literature.
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Table 3.5: Sulphur content

Present study Literature
S 0.001205 wt% 0.001 wvol % (mechanical ex--traction), 0.0017 (chem.
extraction) (Aliyu et al., 2010)

3.1.2.6 Water Content

Water content or moisture content is the quantity of water contained in a material. Water

content was measured by standard methods, and was found to be 0.007wt%.

3.1.27 Ash content
Ash content is the non-volatile inorganic matter of a compound which remains after

subjecting it to a high decomposition temperature. Alumina, iron, silica, and other
noncombustible impurities contained in oil and left after its burning. Ash content is
measured as a percent by weight of oil. Table 3.6 gives the ash content of the Croton oil
found by standard method, and also cites data from literature.

Table 3.6: Ash Content

Present study Literature
Ash 0.087 wt% <0.01 vol % (mechanical extraction and chem. extraction) (Aliyu et
al., 2010)
3.1.2.8 Acid value

Acid value (or "neutralization number" or "acid number" or "acidity") is the mass of
potassium hydroxide (KOH) in milligrams that is required to neutralize one gram of
chemical substance. The acid value is a measure of the amount of carboxylic acid groups in
a chemical compound, such as a fatty acid, or in a mixture of compounds. It is the quantity
of base, expressed in milligrams of potassium hydroxide, that is required to neutralize the
acidic constituents in 1 g of sample. Acid value was obtained by standard titration method.
Table 3.7 gives the Acid value (mg KOH/g) of Croton oil, and also cites data from
literature.
Table 3.7: Acid value

Present study Literature
Acid 2.00 4.8 (Kafuku et al,. 2011); 3.334 (Kafuku and Mbarawa, 2010); 1.7
value (Wagutu et al., 2009); 1.4 (mechanical extraction), 5.1 (chem.

extraction) (Aliyu et al., 2010)
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3.1.2.9 Free Fatty Acid (FFA)
The free fatty acid is determined from the acid value obtained. FFA is taken to be one-half

of the acid value. FFA of croton oil is therefore 1.00

3.1.2.10 Saponification value
Saponification value represents the number of milligrams of potassium hydroxide required

to saponify 1g of fat under the specified conditions. It is a measure of the average
molecular weight (or chain length) of all the fatty acids present. Saponification value was
obtained by standard titration method. Table 3.8 gives the Saponification value of Croton
oil, and also cites data from literature.

Table 3.8: Saponification value

Present study Literature
Saponification 192.1 Wagutu et al., 2009); 194.9 (Kafuku et al,. 2011)
value
3.1.211 lodine value

lodine value, also called lodine Number, is a measure of the degree of unsaturation of an
oil, fat, or wax. It is the amount of iodine, in grams, that is taken up by 100 grams of the
oil, fat, or wax This unsaturation is in the form of double bonds, which react with iodine
compounds. The higher the iodine number, the more C=C bonds are present in the fat.
Iodine value was obtained by Wijs’ method. Table 3.9 gives the lodine value and a value
from literature.

Table 3.9: lodine Value

Present study Literature
lodine value, mg/g 139.2 137.5 (Wagutu et al., 2009)
3.1.2.12 Calorific value

The calorific value (or energy value or heating value) of a substance is the amount of heat
released during the combustion of a specified amount of it. Calorific value obtained by
standard method is given in Table 3.10, which also gives values from literature.

Table 3.10: Calorific value

Present study Literature
Calorific value 41.0 MJ/kg 43.06 MJ/kg (mechanical extraction), 40.28 (chem.
(Gross) extraction) (Aliyu et al., 2010), 39.65 MJ/kg (Lujaji et al,

2010)
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3.1.2.13 Peroxide Value
Peroxide value is an indication of deterioration of oils. Oils with higher peroxide values are

more unsaturated than those with lower peroxide values. Peroxide value obtained by

standard methods was found to be 8.66.

3.1.2.14 Fatty acid composition and Molar mass
Fatty acid composition of croton oil was analyzed by gas chromatography (Shimadzu 9A,

10m glass packed column with DEGS, column temp. 443 K, Det/Inj temp. 493 K, run time
50 min, carrier gas Nitrogen flow rate 50ml/min). Table 3.11 gives the fatty acid

composition.

Table 3.11: Fatty acid composition of Croton megalocarpus oil

Common name(Fatty acid) Mass %
C8:0 Caprylic acid 0.09
C10:0 Caproic acid (Decanoic acid) 0.08
C12:0 Lauric acid (Dodecanoic acid) 0.09
C14.0 Myristic acid (Tetradecanoic) 0.26
C16:0 Palmitic acid (Hexadecanoic) 8.39
C18:0 Stearic acid (Octadecanoic) 3.15
C18:1cis  Oleic acid (cis-9-Octadecenoic) 12.16
C18:2cis Linoleic acid (all cis-9,12 Octadecadienoic) 70.97
C18:3n3 a- linolenic acid (all cis-9,12,15-Octadecatrienoic) 3.89

Total 99.08

Molar mass of the oil based on the above composition was estimated to be 870.86 kg/mol.

3.2 Characterization of Heterogeneous Catalysts

3.2.1 Introduction
The characterization of heterogeneous catalysts involves study of morphology, physical

properties, surface properties, bulk properties, particle size distribution and mechanical
properties. The variety of techniques available for these studies are tremendous and a

detailed description is not appropriate here. A brief account of the techniques relevant to
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the present study would be given in the following. Theoretical details would be kept to a

minimum and the emphasis would on the applications (Leofanti et al., 1997; Haber, 1991).

3.2.2 Morphology and Physical Properties

3.2.2.1 Pore Structure and Surface Area
Surface area measurement is an important expedient in predicting catalyst performance

even though only a small fraction of the surface area determined by physical techniques is
chemically active. Besides surface area, equally important, especially for nonmetallic
catalysts, is the pore structure, which, although contributing to the total surface area, must
be regarded as a separate factor. This is because, in a given catalyst, the distribution of
pore sizes may be such that some of the catalyst is completely inaccessible to large reactant
molecules and, furthermore, may restrict the rate of conversion to products by impeding
the diffusion of reactant in the internal pore structure (Thomas and Thomas, 1967).

IUPAC classified pores according to their pore-width as given in Table 3.12 (Sing, 1985):

Table 3.12: Pore size classification

Pores Pore width, w
Ultra-micropore w<0.7nm (7 A)
Micropore 0.7nm (7 A) <w<2nm (20 A)
Mesopore 2nm (20 A) <w < 50 nm (500 A)
Macropore w > 50 nm (500 A)

3.2.2.2 Adsorption, Adsorption Isotherms and Hysteresis

All adsorptions can be divided into two main types, physical adsorption (or, physisorption)
and chemical adsorption (or, chemisorption). Adsorption isotherms relate quantity of fluid
adsorbed as a function of pressure (or, concentration) at equilibrium conditions. IUPAC
has recommended six types of adsorption as shown in Figure 3.1 (Kaneko, 1994; Sing,
1982).

The type | isotherm corresponds to the so called Langmuir isotherm. Such isotherms are
given by microporous solids having relatively small external surfaces. The type Il isotherm

is the most familiar, the multilayer adsorption which assumes that the first monolayer
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adsorption serves as a site for second, third, and multilayer adsorption. The adsorption in
the second, and subsequent layers is similar to condensation. Point B, the beginning of the
almost linear middle section of the isotherm, is often taken to indicate the stage at which
monolayer coverage is complete and multilayer adsorption about to begin. The type Il
isotherm arises from nonporous or macroporous surfaces. The type IV isotherm gives
useful information on the mesopore structure through its hysteresis loop, that is, non-
overlapping adsorption and desorption branches. Type V isotherm is close to type IV but
for a very weak adsorbent-adsorbate interaction. The type VI isotherm is the stepped
adsorption isotherm which comes from adsorption on different faces of a crystalline solid

having non-porous uniform surface.

Above a relative pressure of about 0.2, porous adsorbents desorb a larger quantity of
vapour at a given relative pressure than that corresponding to adsorption. A plot of
adsorbed/desorbed vapour volume against relative pressure shows a hysteresis loop.
Hysteresis appearing in the multilayer range of physisorption isotherm is usually
associated with capillary condensation. Such hysteresis loops may exhibit a wide variety

of shapes as shown in Fig 3.2 (Sing, 1982).
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Figure 3.1: IUPAC Classification of

. Figure 3.2: Types of Hysterisis Loops
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3.2.2.3 Vapour adsorption at low temperature
Method commonly uses adsorption of nitrogen at 77 K (saturation temperature). Three

main methods are: Langmuir and BET isotherms, t-plot, and BJH plots.
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3.2.2.3.1 Langmuir and BET isotherms

Microporous material exhibit Type | isotherm which assumes monolayer adsorption, given
by Langmuir adsorption equation. For multilayer adsorption, a more common occurrence,
Type 1l (S shaped) isotherm is given by Brunauer, Emmett and Teller (BET) adsorption

equation.

The BET equation is given as (Thomas and Thomas, 1967):

1 1 1 1-x
= — ) where x = -2
v(1-x) Um UmcC X Dsat
1 1 c-1 P
or, Poar = + 3.1
v(% —1) UmC Vm € Psat

The intercept of a plot of the left-hand side of Equation 3.1 against relative pressure (P/Psat)
is the reciprocal of (v C), thereby giving the monolayer volume, and hence the surface area
of the adsorbate. BET equation is best suited for type Il adsorption. For most systems the
BET equation is applicable in the p/psx range of 0.05 — 0.3. BET equation is the most
commonly used equation for surface area estimation and is applied to all types of

isotherms.

Under exceptional circumstances involving monolayer physical and chemical adsorption,
Langmuir model of adsorption enables estimate of vy, the volume of adsorbate occupying

one monolayer. The Langmuir equation (Thomas and Thomas, 1967) is given as:

1
P —+ 2 3.2
v b vm VUm

A plot of p/v versus p is a straight line, and vy, is obtained from the slope.
The BET method although strictly derived for micropores, is applied to mesopores and

macropores as well.

3.2.2.3.2 t-Plot method

An adsorbent is never covered with an adsorbed film of uniform thickness. However, it is
often assumed that the film thickness on pore walls is uniform, which enables one to obtain
‘statistical thickness’ t from adsorption isotherms. t-plot is a comparison plot comparing an

isotherm to standard Type Il isotherm (given by BET equation). In the t-plot analysis, the
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adsorbed amount, Wj,, of the standard isotherm is converted to the average thickness, t, of
adsorbed film with the equation
t=(Wal/ Wp) ot ..3.3

where subscript m refers to a monolayer. Here oy is the thickness of a single adsorbed layer
(ot = 0.354 nm for Ny). Then, p/p, is transformed into t, so that the abscissa of the t plot is
expressed by t instead of p/p,. If the isotherm under test is also described by multilayer
adsorption, the t plot is a straight line passing through the origin, whose slope is
proportionate to the surface area. The deviation from the linearity of the t plot gives
information on the sort of pores, the average pore size, the surface area, and the pore
volume. However, the t plot analysis has a limited applicability to the microporous system
due to the absence of explicit monolayer adsorption (Kaneko, 1994). In practice, thickness
t values are obtained by thickness equations obtained for a given adsorbent. Thickness
equation for nitrogen adsorption at 77K for a non-porous surface given by de Boer is:

13.99 ll/z

t= llog(z%)+ 0.034

Another equation is the Halsey equation for nitrogen adsorption at 77 K

3.4

1/3

5

t =3.54|—== ..3.5
[ln 9%)]

t-plot method is applicable to mesopores and macropores for surface area, and to

micropores for pore volume (Mircopore Analysis, n.d.).

3.2.2.3.3 Barret-Joyner-Halenda (BJH) Method
This method usually applies to mesopores. The classic Kelvin equation gives a relationship

between the relative pressure and capillary radius for capillary condensation:

2y V
mE =2
Po r RT

..3.6

Since multilayer adsorption usually accompanies capillary condensation in solid pores, the
Kelvin equation does not give the correct radius, since the pore radius is effectively
reduced by the thickness of the adsorbed multilayer. Many researchers developed a method
for the calculation of the pore size distribution on the basis of Kelvin equation with a

correction term for the thickness of the multilayer adsorbed film. Barret-Joyner-Halenda
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(BJH) is one such method which gives plots of cumulative pore area, cumulative pore
volume, differential plot of derivative of pore area, differential plot of derivative of pore

volume; versus pore size (or, log of pore size) (Thomas and Thomas, 1967).

3.2.3 Materials and Methods
Alkaline earth catalysts, Beryllium oxide (BeO, 99.98%), Magnesium oxide (MgO, 99%),

Nano Magnesium oxide (Nano MgO, 99.8%), Calcium oxide (CaO, 96%), Nano Calcium
oxide (Nano CaO, 98%), Strontium oxide (SrO, 99.9%), Barium oxide (BaO, 97%) of
analytical grade were from Sigma Aldrich.

Because of more emphasis given to Calcium oxide, one new sample of CaO was prepared
by mixing about 100gm of analytical grade CaO with 250 ml of deionized water and
heating under reflux at 70°C (343 K) for three hours. Resulting Calcium hydroxide ( CaO
+ H,O — Ca(OH), ) was filtered and dried in an oven (WTB Binder) overnight at 100°C
(373 K). This dried hydroxide was then calcined in a furnace (ELSKLO- LNT 20) at
700°C (973 K) for three hours under atmospheric conditions, to convert calcium hydroxide
into oxide once again. The calcium oxide thus obtained is named Re-Oxidized Calcium
oxide and abbreviated as CaO-RO. This would be referred to as CaO-RO hereafter.

BET (Brunauer, Emmett, and Teller) surface area and total pore volume of the catalyst
samples were achieved in a Micromeritics TriStar 3000 Surface Area and Porosity System
analyzer by the low-temperature N, adsorption method. Prior to analysis, the samples were
degassed at 120°C (393 K) overnight (12 h) under a continuous flow of N, gas to remove

the adsorbed contaminants and moisture from the surface and pores of the material.

3.2.4 Results and Discussion

3.2.4.1 Surface Area of Catalysts
Single point BET:

This involves determining specific surface area using a single point on the isotherm. A
single point value for adsorbed volume at relative pressure of 0.3 is used to estimate the
surface area according to the following expression (Particle Analytical, 2013):

S _ VnNa
1Pt ™ 1 (22400)

.37
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where Sy p is the single-point surface area (m?/g).

Figure 3.3 is a plot of BET equation as per Equation 3.1. Catalyst samples included BeO,
MgO, nano-MgO, CaO, nano-CaO, CaO-RO, SrO and BaO. The slope and intercept from

the plot is used to estimate the BET Surface area as per Section 3.2.2.3.1.
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Figure 3.3: BET plot for catalysts

Table 3.13 gives the Surface area estimated from Equation 3.7, and the BET equation for

the eight catalyst samples.

Table 3.12: Single-point and BET Surface Area

Surface Area
Catalyst Single Point Surface Area, m’/g BET Surface Area, m*/g
BaO 1.69 1.98
SrO 1.37 1.36
Nano CaO 23.90 24.15
CaO-RO 4.33 4.47
CaO 7.02 6.96
Nano MgO 39.89 40.83
MgO 19.13 19.54

BeO 90.07 92.33
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From Figure 3.3 it is clear that BET equation satisfies the experimental adsorption data.
Areas obtained from Single-point method and BET equation are very close. Table 4.2
shows that BeO has the highest specific surface area, followed by Nono MgO, Nano CaO,
MgO, CaO, CaO-RO, BaO and SrO respectively.

3.2.4.2 Porosity of Catalysts
Porosity is another characteristic property of heterogeneous catalysts. A catalyst with large

surface area should have a high porosity although there is no direct correlation between the
two. Equation 3.8 is a correlation that gives porosity as function of pore radius, surface
area and density (Froment and Bischoff , 1990).

— _™SBETPp

& = - ..3.8

In that above, ¢, is the particle porosity; r, = average catalyst pore radius, m; Sger = BET
Surface area, m%g; and pp = catalyst density, kg/m®. Table 3.14 gives the estimated
porosity by the use of Egn 4.8. BET surface area are from Table 4.2, and pore sizes are

from BJH Desorption data.

Table 3.13: Porosity of Catalysts

Pore radius, rp, SeET Solid density Porosity
Catalyst (BJH Desorp) .

nm m m°g* m? kg™ gml*t kg m”
BaO 9.88 9.88E-09 1.981 1981.6 5.72 5720 0.03
SrO 2495  250E-08 1.361 1361.1 4.70 4700 0.04
Nano CaO 11.25  1.13E-08  24.149 24149 3.3 3300 0.18
CaO-RO 16.28  1.63E-08 4.47 4470 3.1 3100 0.05
CaO 17.125 1.71E-08 6.96 6960 3.3 3300 0.09
Nano MgO 116 1.16E-08  40.83 40830 3.6 3600 0.30
MgO 10.65  1.07E-08  19.545 195455 3.6 3600 0.16

BeO 11.305 1.13E-08 92.33 92330 3.01 3010 0.44
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Alkaline earth oxides have low porosity with exceptions of Nano MgO and BeO.
Beryllium oxide has the highest porosity, and Barium oxide the least. The porosity vary as:
BeO > Nano MgO > Nano CaO > MgO > CaO > CaO-RO > SrO > BaO.

3.2.4.3 Particle Size Distribution and Pore Size Distribution

3.2.4.3.1 t-plot and Adsorption/Desorption Plots

Figure 3.4 gives the t-plot for the heterogeneous catalysts. Quantity adsorbed is highest for
BeO, followed by MgO, Nano CaO, Nano MgO, CaO, CaO-RO, BaO and SrO. Adsorption
for BaO and SrO is very small. With exception of BeO, plots are very close to linear, with
tangents passing through the origin. However, the plots show distinct curvature at early
stages of adsorption, indicating monolayer adsorption in the beginning, followed by
multilayer adsorption. The tangents pass through the origin indicating a multilayer
homogenous adsorption. For the case of BeO, the tangent does not pass through the origin

indication a multilayer non-homogeneous adsorption.
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Figure 3.4: t- plot

Figure 3.5 is the Isotherm Plot which shows the adsorbed quantity (of N;) as a function of
pressure for the catalysts. BeO has the highest adsorption, followed by Nano MgO, Nano
Ca0O, MgO, Ca0O, Ca0-RO, BaO and SrO respectively. The curves resemble Type Il
Isotherm in Fig 3.1, which is a case for multilayer adsorption. With reference to the Nano
MgO curve, adsorption begins from ‘D’ as pressure is increased. At ‘C’, the monolayer

coverage is complete and multilayer begins. Between B —A, complete rapid multilayer
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condensation takes place. At ‘A’, all capillaries are completely filled with condensed

adsorbate in liquid phase.
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Figure 3.5: Isotherm Plot

When the pressure is reduced from saturation pressure, the liquefied adsorbate begins to

evaporate known as desorption. For a given system, desorption curve lies above the

adsorption curve. A combined plot of adsorption/desorption is known as hysteresis loop as

shown in Fig 3.2.

Figure 3.6 shows the Hysteresis loop for the catalysts. Comparing to Fig 3.2, the hysteresis

loop resembles the Type H3 loop. This does not exhibit any limiting adsorption at high

relative pressure, and is observed with aggregates of plate-like particles giving rise to slit-

shaped pores.
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Figures 3.7 to 3.14 are the BJH plots for Cumulative pore area, Differential pore area,

Cumulative pore volume and Differential pore volume, for adsorption and desorption

respectively.

Figure 3.7 is the BJH plot for adsorption cumulative pore area. From the plot the BJH

adsorption surface area for various catalysts are:

BeO pores between 3 — 110 nm width = 102 m?/g
Nano-MgO pores between 3 — 200 nm width = 33 m%/g
Nano-CaO pores between 3 — 200 nm width = 18.5 m?/g
MgO pores between 3 — 200 nm width = 17 m%/g

CaO pores between 4 — 200 nm width = 5 m?/g
Ca0-RO pores between 3-200 nm width = 4 m*/g

BaO pores between 0 — 200 nm width = 2 m?/g

SrO pores between 8 — 200 nm width = <1 m?/g

Above values compare well with specific surface area in Table3.13.

CumulativePore Area (m?/g)

._\
o
IS}

4

\ BaO
\ — Ca0
NanoCaO

e NanoMgO

oo}
o

o))
o

B
o

MgO

J SrO
e~

e— Be O
= ,

2 20 200 e— Ca0-RO

B/

o

Pore Diameter (nm)

Figure 3.7: BJH Adsorption Cumulative Pore Area

Figure 3.8 is the BJH adsorption plot for differential pore area for catalysts. It is a plot

of dA/d(logD) versus log of Pore diameter (D), where A is the area. From the plot, BeO

has the highest pore area which corresponds to pore size of 8-16 nm; for nano MgO, nano

CaO and MgO, highest pore area are for the pores of 4- 6 nm size. No such observation can
be made for CaO, CaO-RO, SrO and BaO as there are no distinct peaks. Pore area for SrO

is negligible.
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BJH Cumulative pore volume for adsorption is given in Figure 3.9. From the plot, one

observes that the BJH cumulative volume of pores for the various catalysts are:

BeO pores between 2 — 116 nm width = 0.69 cm®/g
Nano MgO pores between 2.5 — 200 nm width = 0.19 cm®/g

MgO pores between 3 — 200 nm width = 0.11 cm®/g

Nano CaO pores between 3 — 200 nm width = 0.1 cm®/g
CaO pores between 4.5 — 200 nm width = 0.045 cm®/g
Ca0-RO pores between 2.5- 200 nm width = 0.03 cm®/g
BaO pores between 2 — 200 nm width = 0.01 cm®/g

SrO pores between 8 — 200 nm width = 0.01 cm®/g
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Figure 3.9: BJH Adsorption Cumulative Pore Volume

Figure 3.10 gives the BJH adsorption plot for differential pore volume. From the plot,

the highest BJH pore volume is for BeO, which corresponds to pore size of about 80 nm.
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For most of the other catalysts maximum pore volumes correspond to pore sizes of 100 —

200 nm.
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Figure 3.10: BJH Adsorption dV/d(logD) Pore Volume

Next four plots are for desorption. Figure 3.11 is the BJH plot for desorption cumulative
pore area. From the plot the BJH desorption surface area for various catalysts are:
e BeO pores between 4-120 nm width = 128 m%/g

e Nano-MgO pores between 3 — 200 nm width = 32.5 m%/g
e Nano-CaO pores between 3 — 200 nm width = 17.5 m*/g
e MgO pores between 3 — 200 nm width = 17 m?/g

e CaO pores between 4 — 200 nm width = 5.5 m?/g

e CaO-RO pores between 3-170 nm width = 3.8 m%/g

e BaO pores between 0 — 200 nm width = 1.5 m?/g

e SrO pores between 8 — 200 nm width = 1 m%/g

The above values are in agreement with the similar area obtained from BJH Adsorption
cumulative pore area, Fig 3.7, with an exception for BeO which depicts a higher area in

case of BJH Desorption.
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Figure 3.11: BJH Desorption Cumulative Pore Area

Figure 3.12 gives the BJH desorption plot for differential pore area for catalysts. It is a
plot of dA/d(logD) versus log of Pore diameter (D). BeO has the highest pore area of 170
m?/g and most of the pores are between 8-50 nm size. For nano MgO most of the pores lie
between 20 - 40 nm size. Most of the pores of Nano CaO are of 4 nm size. It is difficult to
draw such conclusions for other catalysts as their plots lack distinct peaks. Results for
adsorption and desorption cumulative pore area plots in this case are in disagreement, most

notable is the high pore area for the case of BeO.
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Figure 3.12: BJH Desorption dA/d(logD) Pore Area

BJH Cumulative pore volume for desorption is given in Figure 3.13. From the plot, one
observes that the BJH total volume of pores for the various catalysts are:

e BeO pores between 4 -120 nm width = 0.72 cm®/g
e Nano MgO pores between 3 — 160 nm width = 0.19 cm®/g
e MgO pores between 4 — 160 nm width = 0.118 cm®/g



The observed values are in close agreement with a similar data obtained for adsorption
case (Fig 3.9).

Nano CaO pores between 6 — 160 nm width = 0.1 cm®/g
CaO pores between 4.5 — 150 nm width = 0.05 cm®/g
Ca0-RO pores between 3 — 165 nm width = 0.03 cm®/g
BaO pores between 2 — 160 nm width = 0.008 cm®/g
SrO pores between 9 — 160 nm width = 0.012 cm®/g
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Figure 3.14 gives the BJH adsorption plot for differential pore volume. From the plot,
the highest BJH pore volume for: BeO lie between 20—80 nm, nano MgO lie between 30
— 80 nm, MgO and CaO lie at about 70 nm, CaO lie at 100 nm, CaO-RO lie at 120 nm. No

such observation can be made for BaO and SrO. Observations are in slight disagreement

Figure 3.13: BJH Desorption Cumulative Pore Volume

with a similar plot for adsorption case (Fig 3.10).
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3.2.5 Microscopy
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are

qualitative techniques which give a direct view of the solid catalyst. The images give an
idea about the shape, size, crystalline habit, homogeneity, and composition. The images
produced in both SEM and TEM are highly magnified and offer high resolution.
SEM scans the surface of the sample by releasing electrons and making the electrons
bounce or scatter upon impact. The machine collects the scattered electrons and produces
an image. TEM processes the sample by directing an electron beam through the sample.
The result is seen using a fluorescent screen. SEM images are three-dimensional and are
accurate representations while TEM pictures are two-dimensional but of a higher

resolution.

3.2.5.1 Materials and Methods
TEM analysis was conducted on a JEOL 2100 F TEM instrument, operated at 200 kV. For

TEM, the powder sample was sonicated in ethanol for 5 min, followed by depositing the
solution on a Cu-grid with holey carbon film. The material is dispersed in ethanol using a
bath sonicator to form a suspension. One or two droplets were dropped onto a holey carbon
supported copper grid and allowed to dry. TEM imaging was performed on a dry sample.

3.2.5.2 Results and Discussion
3.2.5.2.1 Beryllium oxide

Figure 3.15 gives two images of BeO at different resolutions. Highly porous nature of the
catalyst is clearly visible in the pictures.

Figure 3.15: TEM images of BeO
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3.2.5.2.2 Magnesium oxide
Figure 3.16 gives two TEM images of MgO at varying resolution. No clear indication in

noted of crystal size or structure, instead an amorphous nature is observed.

T e mEwen Eeags

Figure 3.16: TEM images of MgO

3.2.5.2.3 Nano Magnesium oxide

Figure 3.17 gives two TEM images of Nano MgO particles. Particles are distinct, uniform

and cylindrical in shape.

Figure 3.17: TEM images of Nano MgO

3.2.5.2.4 Calcium oxide

Figure 3.18 are two TEM image of CaO crystals. Crystals are round cylindrical, of size

1-2pum.

Figure 3.18: TEM images of CaO
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3.2.5.2.5 Re-oxidized Calcium oxide
Figure 3.19 is a TEM image of Re-oxidized CaO (CaO-RO). Particle shapes are similar to

that of CaO as in Fig 3.18 but seem to be conglomerated.

2um Electron Image 1

Figure 3.19: TEM image of CaO RO

3.2.5.2.6 Nano Calcium oxide
Figure 3.20 are two TEM images of Nano CaO. Particle shapes are similar to that of CaO
as in Fig 3.18.

Figure 3.20: TEM images of Nano CaO

3.2.5.2.7 Strontium oxide
Figure 3.21 gives two TEM images for SrO. No distinct particle shape is visible. Particles
form an agglomerate.

Figure 3.21: TEM images of SrO
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3.2.5.2.8 Barium oxide

Figure 3.22 gives two TEM images for BaO. Particles form agglomerate and no distinct
shape is identifiable.

Figure 3.22: TEM images of BaO

3.2.6 Bulk Properties
Bulk properties provide insight on the nature of surface sites. Analysis include elemental

analysis techniques, spectroscopic and diffraction techniques and thermal analysis
(Leofanti et al., 1997). Bulk properties to be considered here are the chemical composition

and crystal structure.

3.2.6.1 Elemental Analysis
There are several methods for such an analysis. Elemental analysis was not relevant in the

present study since catalyst samples were of analytical grade of high purity. The purity of
catalysts supplied by Sigma Aldrich was as follows: BeO (99.98%), MgO (99%), Nano
MgO (99%), CaO (extra pure), Nano CaO (98%), SrO (99.9%) and BaO (97%).

3.2.6.2 X-ray Diffraction
Most catalysts are crystalline solids, metal oxides, supported metals, salts and so on. X-ray

powder diffraction allows us to evaluate the nature of crystalline phases, their

concentration, and the crystallite size.

3.26.21 Materials and Methods

The crystalline phases of the samples were determined by X-ray diffraction (PAnalytical
XPERT-PRO diffractometer) measurement, using Ni filtered CuKa radiation (k = 1.5406
A), with a variable slit at 35 kV, 50 mA. Spectra were analyzed with the help of published
literature (NBS Monograph 25, 1981; Xu et al., 2001; Wan Isahak et al., 2010; Kouzu et
al., 2010; Kawashima et al., 2009; Taufig-Yap et al., 2011).
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For calcination studies, about 10g of CaO catalyst was calcined in a muffle furnace under
atmospheric conditions, for three hours. The optimum calcination time has been reported
to be 2-4 h. Longer time results in sintering of catalyst leading to lowering of surface area
(Viriya-empikul et al., 2010). Calcination was carried out at varying temperatures of 500
(773 K), 700 (973 K), 800 (1073 K) and 900° C (1173. K). The sample was removed from
the furnace after three hours and allowed to cool in a desiccator. Once cooled, the sample
was removed from desiccator and stored in an air tight container. The calcined calcium

oxide was analyzed for composition by X-ray diffraction.

3.2.6.2.2 Results and Discussion

3.2.6.2.2.1  Beryllium oxide
Figure 3.23 gives the XRD spectra of Beryllium oxide catalyst. It shows a pure specimen.

BeO
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Figure 3.23: XRD Spectra for BeO

3.2.6.2.2.2  Magnesium oxide
Figure 3.24 gives the XRD spectra of Magnesium oxide catalyst. Magnesium is present in

oxide form and there are no indications of any other species.
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Figure 3.24: XRD Spectra for MgO
3.2.6.2.2.3  Nano Magnesium oxide

Figure 3.25 is a XRD spectra for Nano Magnesium oxide catalyst. When compared to the
spectra for MgO (Fig 3.24), this contains several additional peaks. Nano MgO being more
reactive, reacts readily with atmospheric moisture, carbon dioxide and oxygen to form

hydroxide, carbonate etc., giving rise to other peaks.
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Figure 3.25: XRD Spectra for Nano MgO
3.2.6.2.24  Calcium oxide

Figure 3.26 gives the XRD spectra for Calcium oxide catalyst. Calcium oxide is known to
contain carbonate and hydroxide as impurity when exposed to atmospheric moisture,
oxygen and carbon dioxide. The other peaks in the spectra are due to the presence of such

compounds.
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Figure 3.26: XRD Spectra for CaO

3.2.6.2.2.5 Calcination of Calcium oxide

XRD spectra of CaO (Fig 3.26) shows presence of carbonate (CaCO3) and hydroxide
(Ca(OH),) as impurities. This observation is also made from XRD spectra of Nano CaO as
presented in the following section, and given in Fig 3.28. When such samples of CaO ( or
Nano CaO) are subjected to high temperatures (calcined), carbonate and hydroxide forms
are converted to oxides [CaCO3— CaO + CO,; Ca(OH), — CaO + H,0]. In the present
study, calcination was carried out at temperatures of 500 (773 K), 700 (973 K), 800 1073
K), and 900°C (1173 K), for a constant period of three hours. Fig 4.27 gives the XRD plots
for uncalcined CaO, and for CaO calcined at these temperatures.. It gives the effect of
temperature on CaO composition. The bottom most XRD plot in Fig 3.27 corresponds to
uncalcined CaO, which is characterized by substantive presence of calcium carbonate and
calcium hydroxide. Plot above to this is the sample calcined at 500° C (773 K). It depicts
small presence of carbonate and hydroxide. Calcination plot for 700° C (973 K) still have
peaks for carbonate and hydroxide, although they are very small. XRD plots for
temperatures of 800 (1073 K) and 900° C (1173 K) are almost identical, showing a pure
sample of CaO. Carbonate and hydroxide have been totally converted into oxide. The
study shows that calcination of calcium oxide, containing carbonate and hydroxide as
impurity, at 800 - 900 °C (1073 — 1173 K), converts calcium carbonate and calcium
hydroxide into calcium oxide, resulting in pure CaO catalyst. A sample of uncalcined Nano
CaO similarly contains unwanted carbonate and hydroxide impurities ( Fig 3.28), and the
findings of calcination temperature also hold for it (Kumar et al., 2014).
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3.2.6.2.2.6  Nano Calcium oxide
Nano Calcium oxide is more reactive as compared to Calcium oxide because of larger

specific surface area. It readily reacts with atmospheric moisture, carbon dioxide and
oxygen. A sample of Nano CaO is most likely to contain hydroxide and carbonate of
calcium as impurity. Peaks corresponding to Ca(OH), (20 = 34.1°), CaCOs (20 = 29.4°,
47.5° 48.5°) predominate, whereas peaks for CaO ( 20 = 32.2° 37.3°, 53.8°) are small.

This shows that carbonate and hydroxide predominate in the sample (Figure 3.28).
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Figure 3.27: Effect of calcination temperature on CaO composition
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3.2.6.2.2.7  Reoxidized Calcium oxide
Figure 3.29 is the spectra for calcined (at 700° C for 3 hours) Re-oxidized Calcium oxide
(CaO-R0O). Comparing to Figures 3.26 and 3.27, the sample mostly consists of oxide of
calcium. Peaks corresponding to Ca(OH), (20 = 34.1°), and CaCOg3 (20 = 29.4°, 47.5°) are
small when compared to peaks for CaO. Because of high reactivity of CaO, carbonate and

hydroxide are formed whenever the sample is exposed to atmosphere.
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Figure 3.29: XRD Spectra for CaO-RO
3.2.6.2.2.8  Strontium oxide

Figure 3.30 gives the XRD spectra for Strontium oxide catalyst. The specimen seems to

contain some amount of Strontium sulphate as impurity.
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3.2.6.2.2.9  Barium oxide
XRD spectra for BaO given in Figure 3.31 is very noisy and very few peaks could be
identified. BaO is known to be very reactive and readily reacts with atmospheric moisture,
carbon dioxide, oxygen to form BaO,, Ba(OH),, BaCOs. Such reactions can take place
during sample preparation. These unwanted components in the sample may be responsible

for unexpected peaks in the spectra.
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Figure 3.31: XRD Spectra for BaO

3.2.7 Surface Chemical Characterization: Basicity and Acidity of solid surface
3.2.7.1 Introduction

Acid and basic properties of solid catalysts affect their activity for a particular reaction. On
a given surface, one type (acidic or basic) may prevail but both are always present
(conjugate acidic and basic pairs). For transesterification reaction both acidic and basic
catalysts have been tried with varying success. A catalyst is said to be acidic or basic based

depending on its pH value. For an acidic catalyst, strength of an acid is defined as the
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ability of a solid surface to convert an adsorbed neutral base to its conjugate acid. Similarly
for a basic catalyst, basic strength of a solid surface is defined as its ability to convert an
adsorbed electrically neutral acid to its conjugate base. The acid or base strength may be
estimated following the colour changes of the indicators, or by such techniques as IR or
NMR spectroscopies (Haber, 1991). Indicator method gives a semi-quantitative estimate of

acidity or basicity.

An ‘indicator’ method to determine the acidity/basicity of a solid catalyst was originally
proposed by Hammett (Matsuzaki and Masahiro, 1969; Kijenski and Zadrozny, 1979;
Tanabe and Yamaguchi, 1963). When a neutral base (B) is brought in contact with an acid
catalyst (H"), the equilibrium reactionis: B + H" < BH', and the Hammett acidity

function (H,) is given by:

B
H, = pKgy+ + log [B[HL] ..3.9

pK g+ 1s the logarithm of dissociation constant K g, +.

For a basic catalyst (B), the equilibrium reaction with an acid indicator (BH) is:

BH + B < B~ +BH' ,and the Hammett basic strength is given by:

H_ = pKBH + log% 310

Here pKgy is the logarithm of the dissociation constant of the indicator.

For base catalysts, the catalytic activity is a strong function of its basicity. The solid
catalyst is brought into contact with an indicator and the colour change indicates the
basicity. The amount of basicity is measured by titration with 0.1 N benzoic acid in
benzene/ iso-octane using Bromothymol Blue (BTB) or Phenolphthalein as an indicator.
Basicity is expressed in terms of mmol (of benzoic acid) per gram (of catalyst). Table 3.15

gives some Hammett indicators for basicity measurement.

Table 3.14: Hammett Indicators for Basicity Measurement

Indicators Colour pK
Acid form Basic form

Bromothymol Blue Yellow Green 7.2

Phenolphthalein Colourless Red 8.2

2,4.6,Trinitroaniline Yellow Reddish Orange 12.1
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2,4,Dinitroaniline Yellow Violet 15

4Chloro-2-nitroaniline  Yellow Orange 17.2
4-Nitroaniline Yellow Orange 18.4
4-Chloroaniline Colourless Pink 26.5

3.2.7.2 Materials and Method

Hammett indicators 4-Chloroaniline, 4-Nitroaniline, 2,4-Dinitroaniline, Bromothymol
Blue (BTB), and solvent Methanol (analytical grade) were from Sigma Aldrich. Hammett
indicator Phenolphthalein, Universal indicator (maximum pK = 11), Benzoic acid,
Benzene were of laboratory grade, obtained from Gelsup Nairobi. Calcination was done
under atmospheric conditions in a muffle furnace (ELSKLO- LNT 20).

Hammett indicator solutions were prepared by dissolving approximately 5mg of each
indicator in 50 ml of methanol. Methanol was chosen as the solvent as it is representative
of reaction conditions. Bromothymol blue (BTB) indictor solution used in titration was
obtained by dissolving 128mg of BTB in 100 ml of benzene. 0.1 N solution of benzoic
acid (pK =+ 4.17) in benzene was used as titrating acid.

To measure the base strength, about 25 mg of catalyst sample were shaken with 1 ml of
Hammett indicator, and left to equilibrate for 2 hours. The colour on the catalyst was then
noted. The base strength of the catalyst will be higher than that of the indicator with the
highest pK that changes colour on contact with the catalyst, but lower than the indicator
with the lowest pK that does not change colour on contact with the catalyst.

The basicity of catalysts were determined by Hammett indicator titration method. A
weighed amount (about 500 mg) of catalyst was mixed with 20ml of benzene in a 250 ml
conical flask and shaken. This was titrated against 0.01 N benzoic acid, using BTB or
phenolphthalein as indicator. For BTB indicator the end point is when the green colour on
catalyst particle disappears, and for phenolphthalein indicator the end point is when the
pink colour on catalyst particle disappears. The titration needed to be performed very
slowly as the colour change on catalyst particle was not instant but gradual. The moles of
benzoic acid needed to neutralize the alkaline catalyst particles are equivalent to the

basicity of the catalyst, expressed in mmol g™ (Zhao, 2010).
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Catalyst samples of MgO, Nano MgO, CaO, Nano CaO and CaO-RO were calcined at
700°C (973.15K) for 3 hours to convert carbonate and hydroxides into oxide form. BeO,

SrO and BaO were used as obtained.

3.2.7.3 Results and Discussion

3.2.7.3.1 Basic Strength (H_) and Basicity
Basic strengths were observed as per Hammett indictor method and Basicity was obtained

by titration against benzoic acid. Table 3.16 gives the results.

Table 3.15: Basic Strength and Basicity of Catalysts

Catalyst Basic Strength, H_ Basicity, mmol/g
BaO 15< H.<18.4 0.0961

SrO 15< H_< 18.4. 0.0841

Nano CaO 11<H <15 0.0625

CaO-RO 11<H_<15 0.0535

CaO 11<H_<15 0.0441

Nano MgO 11<H <15 0.0361

MgO 11<H_<15 0.0289

BeO 8 <H <82 0

3.2.8 Summary
Characteristic physical and chemical properties of croton oil and heterogeneous catalysts

were determined through studies of surface properties, microscopy, X- ray diffraction and
chemical analysis.
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4 HOMOGENEOUS SODIUM HYDROXIDE CATALYSIS IN THE
TRANSESTERIFICATION OF CROTON MEGALOCARPUS OIL

4.1 Introduction
Transesterification reactions of croton megalocarpus oil and methanol were carried out in

a batch reactor using sodium hydroxide as a catalyst, employing conventional heating and
microwave irradiation. Reactions were performed to study the effect of operating variables
on FAME yield, to study the reaction kinetics, and to identify the conditions for optimal

yield.

4.2 Materials and Methods
4.2.1 Materials

Croton megalocarpus oil was solvent-extracted from croton nuts in department lab, and
also obtained from Help Self-Help Centre Nairobi. Analytical grade sodium hydroxide was
obtained from Gelsup, Nairobi. Analytical grade methanol was from Sigma Aldrich. GC
grade solvents n-heptane, hexane; GC standards methyl heptadecanoate, triolein, methyl
myristate, methyl palmitate, methyl stearate, methyl oleate, methyl linoleate were from
Sigma Aldrich. Equipment included analytical balance, water bath (Stuart RE 300B,
accuracy + 1°C), mechanical stirrer (Stuart SS10, 0-2000 rpm), domestic microwave oven
(Shivaki, SMW-103, 1300W), voltage regulator, microwave leak detector, magnetic stirrer
(Hanna), thermocouple thermometer (Hanna HI9055), centrifuge (Hettich D-7200),
Teflon® tubing, standard laboratory glassware.

FAME was analyzed using a Gas chromatograph (MRC GC3420A) with flame ionization
detector, capillary column Agilent CP-Sil 88 (60m x 0.25mm x 0.36mm, coating 0.2pm);
carrier gas was nitrogen and other gases were hydrogen and air. Gases were of analytical
grade. Data analysis was done using Peak-ABC chromatography data handling system.
Polymath 6.10, Matlab R2006b, DesignExpert9 were used for experiment design and data

analysis.
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4.2.2 Experimental setup

4.2.2.1 Conventional heating

For Transesterification with conventional heating (WB), a 3-neck round bottom flask (250
ml) was used as the batch reactor which was kept in a constant temperature water bath. A
water-cooled reflux condenser was used to condense methanol vapours. Reactants were
mixed by mechanical stirrer fitted with a stainless steel impeller of diameter 0.03m,
operating at 750 rpm. The mixing speed was sufficient to eliminate mass transfer
resistance and ensure complete mixing (see Section 2.4.5). Fig 4.1a, 4.1b give the

experimental setup.

Cooling waler
pwater _f
tout) Stirrer

Condensor

Speed controller

Sample inlet——l -—
Cooling water
Temp. indicator {in)
Temp.
controller
Figure 4.1: a- Experimental Setup Fig 4.1b: Experimental setup

(WB) schematic diagram (WB)

4.2.2.2 Microwave Irradiation

For studies with microwave irradiation (MW), a domestic microwave oven was modified
as shown in Fig 4.2a and 4.2b. A voltage regulator (Variac) was used to control the input
power, an electromagnetic stirrer with Teflon® coated stirring magnet was used to provide
the stirring, temperature sensor was a Teflon® covered thermocouple. Water cooled
condenser was used to condense methanol. Modified oven was tested for microwave
leakage using a microwave leak-detector and the irradiation level was found to be within
the safely limit ( < 5 mW/cm?). Three-neck round bottom flask (250 ml) was used as a

reactor. Oven also contained a water reservoir ( 500 ml beaker/ conical flask) to act as a
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sink to absorb excess microwave irradiation. Samples were drawn using a hypodermic
syringe.
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Figure 4.2:a Experimental setup (MW) Fig 4.2b: Experimental setup-
schematic diagram (MW)

4.2.3 Experimental Procedure

4.2.3.1 Conventional Heating

Weighed amount of croton megalocarpus oil was added to the reactor and heated in the
water bath to the reaction temperature. Weighed amount of sodium hydroxide catalyst and
measured volume of methanol were heated separately to the desired temperature allowing
the solid catalyst to dissolve completely. The sodium hydroxide-methanol solution was
then added to the oil. The mechanical stirrer was immediately started, and the reaction
timed at this point. At the end of the desired reaction time, the round bottom flask was
immersed in ice bath to quench the reaction. The contents were then transferred to a
separating funnel and some warm distilled water was added and contents shaken. The
separating funnel was kept in a stand allowing the two phases to separate. Oily phase
containing FAME was the top phase. Glycerol, unreacted methanol and the added water
formed the bottom aqueous phase. Aqueous phase was removed and discarded. The oily
phase was similarly washed two, or more, times with warm water till the aqueous phase
was free from any alkalinity, as tested by adding phenolphthalein indicator to a small
portion of aqueous phase. Presence of alkali changed the solution colour to ink. The oily
phase containing FAME was dried in an oven at 90°C (363K) for 1 hour to remove any
dissolved methanol. The dried FAME sample was kept in a deep freezer pending analysis
by GC. For kinetic studies, samples were periodically removed using a hypodermic syringe
and treated as above.
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4.2.3.2 Microwave irradiation
Procedure was almost similar to the case of conventional heating. Methanol and NaOH

were mixed prior to being added to croton oil kept in the reactor in microwave. Stirring
was vigorous to eliminate mass transfer resistances and to prevent hot-spots within the
reacting media. For studies involving effect of power, power setting of 20, 40, 60, 80,
100% were used. For kinetic studies, constant temperatures were maintained by controlling
input voltage through a voltage regulator. This temperature control through manual input
voltage control was satisfactory only for a short reaction time. Attempts to maintain a
lower temperature by reducing the in-built microwave power setting were not successful as
the microwave kept on switching off-and-on at lower power settings -resulting in
temperature fluctuations. Secondly, the microwave had to be switched off every time a
sample was withdrawn. After an experimental run, the oven was allowed to cool to

ambient temperature before reuse.

4.2.4 FAME Analysis
Product FAME sample was analyzed by gas chromatography for total FAME according to

EN-14103 (BRUKER Chemical Analysis Application Note # CA-270358). Approximately
250mg of sample was accurately weighed in a 10ml vial, and 5 ml of methyl
heptadecanoate solution (10 mg/ml- as internal standard) was added using a pipette. 1 puL
of this was injected in a split ratio 1:100. Nitrogen carrier gas flow rate was 45 ml/min,
hydrogen 30 ml/min, and air 300 ml/min. Initial column temperature was 120°C (393K) for
2 min, and the ramped at the rate of 10K/min to 220°C (493K ) and kept there. Injector
temperature was 250°C (523K) and Detector temperature was 300°C (573K). Run time
was 30 min. FAME content was calculated using the following formula (BRUKER
Chemical Analysis Application Note # CA-270358):

_ (X A)-AEI\ [CEIXVEI
FAME = (2225 (22272 5 100 % WK
where, YA = total peak area for methyl esters

AEI = peak area of methyl heptadecanoate (internal standard)
CEI = concentration of methyl heptadecanoate solution (mg/ml)
VEI = volume of methyl heptadecanoate solution (ml)
m = mass of the sample (mg)
Fig 4.3 gives an illustrative chromatogram for Croton megalocarpus FAME.
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4.3 Results and Discussions

4.3.1 Studies with conventional heating
This section deals with transesterification reactions carried out with conventional heating

employing a water bath as heat source.

4.3.1.1 Effect of operation variables on FAME yield
Operating variables studied were (i) Methanol to triglyceride molar ratio, (ii) Catalyst

concentration, and (iii) Reaction temperature. Effect of reaction time on FAME yield was
studied under reaction Kinetics. Stirring speed was kept constant at 750 rpm, which was

large enough to rule out mass transfer resistances.

4.3.1.1.1 Effect of methanol to triglyceride molar ratio on FAME vyield
Methanol to oil molar ratio was varied as 3:1, 6:1, 9:1, 12:1, 15:1. Batch consisted of 30 ml

of Croton megalocarpus oil (FFA = 1.7), NaOH catalyst 1% by mass of oil. Reaction
temperature was 70°C (343K), and reaction time 2 h. Fig 4.4 gives the FAME yield as a
function of methanol: oil ratio.

The reaction stoichiometry requires three moles of methanol to one mole of triglyceride.
However, due to reversible nature of the reaction (Egn 2.2, Chapter 2), an excess amount
of methanol is employed to promote the forward reaction. Fame yield was 48.1% for a 3:1
methanol:oil ratio. Yield increased to 96% when the ratio was increased to 6:1. At higher
ratios the yield began to decline, and the highest ratio of 15:1 corresponded to a 66.8%
yield. When methanol is in large excess, the unreacted fraction mixes with product
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glycerol, hindering the separation. The glycerol in the solution drives the equilibrium back
to the left-side resulting in lower yields. It is also reported that in large excess of methanol,
glycerol forms an emulsion with FAME, leading to glycerol-FAME separation problems
and lowering the yield (Jain et al., 2011). Lastly, large surplus of methanol reduces the
effective percentage of catalyst in the reaction mixture, thereby lowering the vyield
(Bambase et al., 2007).

4.3.1.1.2 Effect of Catalyst concentration on FAME yield
Transesterification of Croton megalocarpus oil was carried out with varying catalyst

concentrations. Batch consisted of 30 ml of Croton megalocarpus oil (FFA = 1.7),
methanol to oil ratio of 6:1, reaction temperature 70°C (343K), reaction time 2 h, and
NaOH concentrations of 0.5, 1, 1.5, 2 mass% respectively. A FAME yield of 58.6% was
obtained for NaOH concentration of 0.5 mass%. The yield increased to 96.0% when NaOH
concentration was raised to 1 mass%. Further increase in NaOH concentration resulted in a
drop in yield. Yields for 1.5 and 2 mass% were 89 and 79.6% respectively. The highest
FAME vyield corresponded to 1 mass% of catalyst. At higher ( > 1mass%) catalyst
concentrations, soap formation was observed bringing about problems in phase separation.
Recovery of FAME therefore dropped as catalyst concentration was increased beyond 1
mass%, resulting in lower vyields. Fig 4.5 gives the FAME vyield as a function of NaOH
concentration.

100
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80 /N 80 N
T 60 0 T 60 /
< d 9
20 20
0 0
0 3 6 9 12 15 18 0 0.5 1 15 2 2.5
Methanol:oil molar ratio NaOH, mass%
Figure 4.4: FAME yield as a function Figure 4.5: FAME vyield as a function

of Methanol: oil ratio of NaOH concentration (WB)
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4.3.1.1.3 Effect of temperature on FAME vyield
In the absence of mass transfer limitations, reaction temperature is a major factor

dominating reaction kinetics. Reaction temperature was increased in the range of 40 — 70°C
(313 — 343 K). Reactions at temperatures higher than 70°C (313K) brings about problems
of phase contact as the temperature exceeds the normal boiling point of methanol. A
reaction carried out at 80°C resulted in a coagulated mass of oil since the methanol was in
vapour phase. Reactions were carried out at constant catalyst concentration of 1 mass%,
methanol to oil molar ratio 6:1, and reaction time 1 h. Reaction temperatures were 40, 50,
60 and 70°C (313, 323, 333, 343 K) respectively. Yield increased with the increase in
reaction temperature. Yield at 40°C (313K) was 78.1%, which rose to 85% at 50°C (323K).
Yields at 60 and 70°C (333 and 343K) were fairly close, 96 and 97.1%. It shows that at
temperatures above 60°C (333K), the yield almost stabilized and became constant. The
results are given in Fig 4.6.

4.3.1.2 Reaction Kinetics
Transesterification reaction was carried out at temperatures of 40, 50, 60, 70°C (313, 323,

333, 343 K) keeping other variables constant at: methanol to oil ratio 6:1, NaOH 1 mass%,
reaction time 3 h. Amount of oil used in each run was 100 ml, and samples (of 1 ml) were
drawn at time intervals of 15, 30, 45, 60, 90, 120, 150, 180 min. Regression analysis was
used to identify the most probable reaction order, and the regression coefficients were used
to obtain reaction rate constant. Arrhenius equation was used to estimate the activation

energy for the reaction.

4.3.1.2.1 Effect of Time on FAME yield
Fig 4.7 gives the FAME vyield as a function of time at different reaction temperatures, for

the reaction period of 3 h. Yield vs. time plot for temperatures of 60 and 70°C (333 and
343K) ran very close to each other, and final yields were 97 and 98%. For 50°C (323K) the
yields were initially lower, but increased to reach almost same level (91%) at the end of
reaction period. Yields at various temperatures became almost constant after 1 hr of

reaction time.
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4.3.1.2.2 Order of reaction
Equations 2.34 to 2.43 (Chapter 2) are integrated forms of reaction orders from ‘zero’ to

‘three’. L.H.S. of these equations is a function of conversion, or Yield (F(xa)); and the
R.H.S. is a function of reaction time, t. These equations are in the form of y = mx (passing
through origin). For all the ten cases, y (or F(xa)) was plotted against x ( or t) and the
coefficient of determination obtained. Highest correlation coefficient, R?, was noted to
determine the order of reaction. Table 4.1 gives the coefficients of correlation ,R?, for all

aal _

the ten cases, at each temperature. General rate equation is (Egn 2.29): —r, = — ”

k [A]™ [B]™.

Table 4.1: Coefficients of correlation, R2, for various reaction orders (WB)

o™ 1% Order 2" Order 3" Order
Order
Temp Casel Case?2 Case3 Case4 Case5 Case6 Case7 Case8 Case9  Case
°C (m=1, (m=0, (m=1, (m=2, (mM=0, (m=2, (m=1, (m=3, 10
n=0) n=1) n=1) n=0) n=2) n=1) n=2) n=0) (m=0,

n=3
40 0.4063 0.5539 0.4469 0.5986 0.6987 0.4898 0.7878 0.6299  0.7777 0.53)36
50 04171 0.6605 0.4677 0.7240 0.9155 0.5226 0.9066 0.7619 0.9870  0.5797
60 0.4098 0.7479 0.4620 0.7968 0.8522 0.5175 0.7094 0.8148 0.4538 0.5730
70 03728 0.6763 0.4175 0.7175 0.7946 0.4650 0.7555 0.7286 0.6925 0.5129

In the above Table, largest correlation coefficients for the four temperatures are in bold. At
40°C (313K), largest value corresponded to Case 9, whereas for the remaining three

temperatures it was for Case 5. Hence the overall order of reaction (rate of disappearance
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of triglyceride) was most likely to be ‘second’; order with respect to triglyceride was ‘two’,
and order with respect to methanol was ‘zero’.

A second order kinetics has been reported for homogenous NaOH/ KOH catalysts for
transesterification of palm oil and methanol (Leevijit et al., 2004), sunflower oil with
methanol (Vicente et al., 2005; Stamenkovic™ et al., 2008; Bambase et al., 2007),
sunflower oil with ethanol (Marjanovi¢ et al., 2010), soybean oil with methanol
(Noureddini and Zhu, 1997). A first order kinetics for transesterification is reported for
H,SO,4/ NaOH catalysts and methanol for Jatropha curcas oil (Jain and Sharma, 2010),
waste cooking oil (Jain et al., 2011). Some studies report kinetic order varying with
reaction progress. For transesterification of palm oil using KOH catalyst, Darnoko and
Cheryan (2000) observed a pseudo second order reaction in initial part, and first or zero
order in the later part. Freedman et al. (1986) reported a fourth order and second order
kinetics for transesterification of soybean oil with methanol using sodium methoxide
catalyst. Fourth order Kkinetics was explained through a shunt-reaction in which 3 moles of
methanol directly attacks one mole of triglyceride and FAME is formed in a single step,
bypassing formation of di- and mono-glyceride intermediates.

4.3.1.2.3 Rate constant and Activation energy
Case 5 in Table 4.1 refers to Eqn 2.38 (Chapter 2): (

) = k [4], t. A plot of F(xa) vs. t for

1-x4

70°C (343K) is given in Fig 4.8.
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Figure 4.8: Plot of kinetic equation 5.31 (WB) (Ordinate: ( 4 ) Abscissa: t.)

X,
1—xA
Correlation constants (=k[4])) for Eqn 2.38 for the four temperatures were used to

estimate reaction constant k as given in Table 4.2.



Table 4.2: Reaction constant k (WB)

temp tempK [Ao]k [Ao] k(in k (ins)
C min)
40 313.15 0.036496 0.734034 0.0497  0.000829
50 323.15 0.065104 0.734034 0.0887 0.001478
60 333.15 0.246002 0.734034 0.3351  0.005586
70 343.15 0.348918 0.734034 0.4753 0.007922
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Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1). Fig 4.9 gives the plot.

In k

Arrhenius plot: NaOH-WB
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Figure 4.9: Arrhenius plot for NaOH catalyst (WB)

The slope is 8573.08 ( R? = 0.9826), which gave the Activation energy, E = 71.27 kd/mol;

and intercept gave pre-exponential factor, A = 3.72x10%.

4.3.1.3 Optimization studies
Optimization studies involve exploring the process variables for maximum yield.

Experimental data are fitted into an appropriate correlation, which is then plotted in surface

and contour plots that depict optimal conditions.

4.3.1.3.1 Experimental Design
Reaction temperature, methanol to oil ratio, and catalyst concentration were chosen to be

the key process variables for FAME vyield. RSM (Appendix A) was used to investigate the

influence of these three independent variables on FAME vyield. A five-level, three-factor

Central Composite Design (CCD) was used to optimize these 3 independent variables to

achieve maximum FAME vyield. Table 4.3 gives the independent variables and levels used

for experimental design.



Table 4.3: Independent variables and their levels in CCD (WB)

Independent variables Codes
Catalyst amount (wt%) X1
Temperature (°C) X2
Methanol:oil molar ratio X3

Variable levels

-a=-1.682

0.16

43

-1

0.5

50

3

0

1

60

6

1 +a=1.682

1.5 1.84
70 77
9 11
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A total of 20 experiments, including 6 replications at the centre point, were conducted.

Replicates at the centre point give pure error. Reaction time was kept constant at 2 h.

4.3.1.3.2 Experimental results and data analysis
Table 4.4 gives the details of a set of 20 experiments in terms of actual and coded levels as

per CCD, and experimental and predicted FAME vyields.

Table 4.4: CCD matrix with experimental FAME yield (WB)

Run Level of variables [actual(coded)] Expt. Quadratic
Yield Model

(Egn 6.3)

Catalyst,% Temp, (°C) Methanol :oil Y
X1 X2 X3

1 1(0) 60(0) 6(0) 96 95.6
2 1(0) 43(-1.68) 6(0) 83.5 83.7
3 0.5(-1) 70(2) 9(1) 85.1 85.8
4 1(0) 60(0) 11(1.68) 78.9 78.4
5 1.84(1.68) 60(0) 6(0) 82.9 82.2
6 1(0) 60(0) 1(-1.68) 86.8 87.2
7 0.5(-1) 50(-1) 3(-1) 90.6 90.7
8 1(0) 60(0) 6(0) 95.5 95.6
9 1.5(1) 70(2) 9(1) 91.1 91.1
10 1.5(1) 70(2) 3(-1) 84.01 84.8
11 1(0) 60(0) 6(0) 96 95.6
12 1.5(1) 50(-1) 3(-1) 85 84.4
13 0.16(-1.68) 60(0) 6(0) 82.6 83.1
14 1(0) 60(0) 6(0) 95.2 95.6
15 1.5(1) 50(-1) 9(1) 74.3 75.2
16 1(0) 60(0) 6(0) 96.2 95.6
17 0.5(-1) 50(-1) 9(1) 74.6 73.9
18 1(0) 77(1.68) 6(0) 94.6 94.2
19 1(0) 60(0) 6(0) 95.2 95.6
20 0.5(-1) 70(1) 3(-1) 88.1 87.2
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Data in Table 4.4 were tested for fit for a linear, two-factor interaction (2FI), quadratic and

cubic polynomials. Table 4.5 gives the result.

Table 4.5: Summary for model fit- Sequential model sum of squares (WB)

Source Sum of df Mean F p-value
Squares Square Value Prob > F
Meanvs 1.541E+005 1 1.541E+0
Total 05
Linear vs 227.36 3 75.79 1.64 0.2195
Mean
2FI vs 155.73 3 51.91 1.16 0.3632
Linear
Quadratic 576.00 3 192.00 273.44 <0.C Suggested
vs 2FI
Cubic vs 5.12 4 1.28 4.03 0.0636 Aliased
Quadratic
Residual 1.90 6 0.32

Total 1.551E+005 20 7753.72

Based on the F value and p-value, Quadratic model was suggested. Cubic was aliased.
A full quadratic model for yield (Egn 4.2) was tested.

Y = by + XiLibi Xi+ Xy by XP+ X121 Xmia bij Xi X .42
Table 4.6 gives Analysis of Variance (ANOVA)

Table 4.6: ANOVA for Response Surface Quadratic model (WB)

Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares  df Square Value Prob > F
Model 959.09 106.57  151.77 <0.0001 significant
X1-NaOH 0.89 0.89 1.27 0.2866
X2-Temp 132.12 132,12  188.17 < 0.0001
X3-Meth: oil 94.35 94.35  134.37 < 0.0001

9
1
1
1
X1 X2 7.62 1 7.62 10.86 0.0081
X1 X3 29.61 1 29.61 42.17 < 0.0001
X2 X3 118.50 1 11850  168.77 < 0.0001
X112 300.36 1 300.36  427.78 < 0.0001
X212 78.77 1 78.77  112.19 < 0.0001
X312 295.73 1 295.73  421.18 < 0.0001
Residual 7.02 10 0.70

Lack of Fit 5.17 5 1.03 2.80 0.1416  not significant

Pure Error 1.85 5 0.37

9

Cor Total 966.12 1
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Std. Dev. 0.84 R-Squared 0.9927
Mean 87.78 Adj R-Squared 0.9862
CV.% 0.95 Pred R-Squared 0.9519
PRESS 46.47 Adeq Precision 36.646

The Model F-value of 151.77 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X2, X3, X1.X2, X1.X3, X2.X3,
X172, X272, X3"2 were significant model terms. Values greater than 0.1000 indicate the
model terms are not significant. Although X1 was not significant, it cannot be dropped
because it was part of model hierarchy.

The "Lack of Fit F-value" of 2.80 implies there was a 14.16% chance that a "Lack of Fit F-
value" this large could occur due to noise. P-value for lack-of-fit was > 0.05, hence it was
insignificant which implies that there was no evidence that the model did not fit.

The "Pred R-Squared” of 0.9519 was in reasonable agreement with the "Adj R-Squared™ of
0.9962; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. The ratio of 36.646 indicated an adequate signal.
This model can be used to predict Yield as a function of variables X1, X2, and X3.

Table 4.7 gives the values of coefficients for the model.

Table 4.7: Coefficients for the full quadratic model (WB)

Coefficient Standard 95% Cl  95% CI
Factor Estimate df Error Low High
Intercept 9559 1 0.34 94.83 96.35
X1- NaOH -026 1 0.23 -0.76 0.25
X2- Temp 311 1 0.23 2.61 3.62
X3- Meth:oil 263 1 0.23 -3.13 -2.12
X1.X2 098 1 0.30 0.32 1.64
X1.X3 192 1 0.30 1.26 2.58
X2.X3 38 1 0.30 3.19 4,51
X172 457 1 0.22 -5.06 -4.07
X212 234 1 0.22 -2.83 -1.85
X372 -453 1 0.22 -5.02 -4.04

Since all the terms were significant, no further reductions were needed. Hence the model
was: Yield, Y =95.59 - 0.26 X1 + 3.11 X2 —2.63 X3 + 0.98 X1.X2 + 1.92 X1.X3 + 3.85
X2.X3 — 457 X1? - 2.34 X2° — 4.53 X3? .43
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Predicted FAME yields obtained from Egn 4.3 is given in Table 4.4. Egn 4.3 can be used

for response surface plots.

4.3.1.3.3 Response Surface and Contour Plots
Fig 4.10 gives a plot for Yield as a function of Temperature and Catalyst composition. The

optima lies close to a temperature of 70°C (343K) and a catalyst concentration of 1.5
mass%. Fig 4.11 gives a plot for Yield as a function of Methanol to oil mole ratio and
Catalyst composition. The optima lies close to a mole ratio of 7 and a catalyst
concentration of 1.5 mass%. Fig 4.12 is a plot for Yield as a function of temperature and
mole ratio. It indicates that a maxima corresponds to a temperature of 70°C (343K), and a
mole ratio of 7. The observations made in the RSM plots therefore confirm that the

experimental values were in good agreement with the predicted values.
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Figure 4.10: RSM plot: Effect of Figure 4.11: RSM plot: Effect of
Catalyst conc. and Temperature on Catalyst conc. and Methanol:oil ratio
Yield (WB) on Yield (WB)
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eld

Methanol:oil ratio 40 Temp, deg C

Figure 4.12: RSM plot: Effect of Methanol:oil ratio and Temp on Yield (WB)

4.3.2 Studies with Microwave Irradiation

This section deals with transesterification of Croton megalocarpus oil using homogeneous

NaOH catalyst with microwave irradiation.

4.3.2.1 Effect of operation variables on FAME yield
Operating variables studied were (i) Methanol to triglyceride molar ratio, (ii) Catalyst

concentration, (iii) Reaction time, (iv) Reaction temperature, and (v) Microwave Power.
Stirring was through an electromagnetic stirrer operating at full speed. Mixing was very
vigorous and mass transfer resistance was ruled out. Twenty five ml of oil was used in
each run with exception of kinetic studies where 50 ml of oil was used. Effect of reaction

temperature is reported under Section 4.3.2.2 (Reaction Kinetics).

4.3.2.1.1 Effect of methanol: triglyceride molar ratio on FAME yield
Methanol to oil molar ratio was varied as 6:1, 9:1, 12:1, 15:1. Batch consisted of 25 ml of

Croton megalocarpus oil (FFA = 1.7), NaOH catalyst 1% by mass of oil. Microwave
power was at full, and reaction time was 1 min. Fig 4.13 gives the FAME vyield as a
function of Methanol: oil ratio.

As mentioned in Sec 4.3.1.1.1, an excess of methanol is used in transesterification to drive
the reaction in forward direction. Yield was 90.5% at the ratio of 6:1. Yield increased to
96.5% when the methanol was increased to 9:1 molar ratio. At higher methanol to oil ratios
of 12:1 and 15:1, yield did not increase any further, instead a slight drop was observed.
Yield for 15:1 ratio was found to be 91.1%. Reasons for a decrease in yield at higher

methanol concentration are: excess methanol mixing with glycerol leading to poor
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separation, glycerol forming an emulsion with FAME in presence of excess methanol
leading to poor separation, and finally large methanol reducing the effective concentration

of the catalyst in the reaction mixture. Literature references are given in Section 4.3.1.1.1.

4.3.2.1.2 Effect of catalyst concentration on FAME yield
Transesterification of Croton megalocarpus oil was carried out with varying NaOH

concentrations. Batch consisted of 25 ml of Croton megalocarpus oil (FFA = 1.7),
methanol to oil ratio of 6:1, microwave power- full, reaction time- 1 min. NaOH
concentrations were 0.5, 1.0, 1.5, 2.0 mass% of oil. NaOH was mixed with methanol
before being added to the oil. Fig 4.14 gives the FAME vyield as a function of NaOH
concentration.

100 100
95 4\ 80 N\
90 / \
3 5 60
K 85 3 ~
80 > 40
75 20
70
3 6 9 12 15 18 0
Methanol:oil ratio 0 0 Na:)H, malfs% 2 23
Figure 4.13: FAME yield as a function Figure 4.14: FAME yield as a function
of Methanol: oil ratio (MW) of NaOH concentration (MW)

Highest yield of 93% was obtained when catalyst concentration was 0.5 mass%. As the
catalyst concentration was increased to 1.0, 1.5, 2.0% the yield dropped to 90.3, 73, 53%
respectively. At catalyst concentrations of 1.5 and 2%, the product FAME consisted of
soap which needed several washings. Excess sodium hydroxide reacts with oil to form
soap, which lowers the yield of FAME. No significant soap was noticed at 1 mass% NaOH
concentration.

4.3.2.1.3 Effect of reaction time on FAME vyield
Batch consisted of 25 ml of Croton megalocarpus oil (FFA = 1.7), methanol to oil ratio of

6:1, 1 mass% NaOH and full microwave power. Reaction times were 30, 45, 60, 90, 120,
180s. The Variation of FAME yield with reaction time is given in Fig 4.15.
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FAME vyield increased as the reaction time was increased from 30s to 45s. However, the
yield soon stabilized and attained a constant value ranging from 90 — 92%. Between
reaction times of 45s and 60s, the increase in yield was only 2%, from 90% to 92% of
FAME; which dropped to 91% at a time of 120s, and to 90.5% at a time of 180s. This goes
to show that the reaction attained a steady state at times above 45s, and the yield became

constant.

4.3.2.1.4 Effect of microwave power
Microwave reactor had built in power settings of 20, 40, 60, 80, 100%. Reactions were

carried out at these power settings at methanol to oil ratio of 6:1, 1 mass% of NaOH, and a
time of 60s. Fig 4.16 gives the effect of microwave power on FAME vyield. As anticipated,
yield increased with the rise of power since microwave power is directly related to
microwave irradiation. The increase was steep when power was increased from 20% to
40%, and to 60%. After a power level of 60% the rise in yield was gradual. The increase in
FAME yield from 60 to 100% of power was only 5%, from 85 to 93% of FAME.

100 100
95 80
90 ‘” "ﬁ_ - 60 /
2 S
2 & > 40
80 20 /
75 0 .
70 0 20 40 60 80 100
0 50 100 150 200 Microwave Power, %
Time, s
Figure 4.15: Effect of reaction time on Figure 4.16: Effect of microwave
Yield (MW) power on yield

4.3.2.2 Reaction Kinetics
In the study of reaction kinetics the parameters were, methanol to oil ratio - 6:1, NaOH

concentration -1 mass%. Reactions were carried out at temperatures of 50, 60 and 70°C
(323, 333, 343K). Samples were drawn at 30, 45, 60 and 90s.
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4.3.2.2.1 Effect of Time on FAME vyield
Fig 4.17 is a plot of FAME vyield vs. reaction time at varying reaction temperatures. For

reaction temperature of 50°C (323K), reaction rate was considerably slow in the early

period of 60s; thereafter it rose steeply between 60 to 90s to give a yield of 75% at the end.
Yield vs. time curves for 60 and 70°C (333 and 343K) were fairly close, and followed the
same pattern. Final yield at 60 and 70°C (333 and 343K) were 90 and 94.5% respectively.
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Figure 4.17: Variation of Yield with time at various temperatures (MW)
4.3.2.2.2 Order of reaction
Eqgn 2.29 (Chapter 2) gives the overall reaction rate in terms of rate of disappearance of

triglyceride as: —r, = — % = k [A]™ [B]™. Kinetic data for Fig 4.17 were used to find the

best fit into integrated form of Eqn 2.29. Integrated form of rate equation for reaction order
varying from ‘zero’ to ‘three’ are given in Eqns. 2.34- 2.43. Highest correlation coefficient
(R?) was identified as outlined in Section 4.3.1.2.2, which corresponded to the most likely
rate equation. Table 4.8 gives the coefficients of correlation for all reaction orders, Cases 1
to 10, at the three temperatures.

Table 4.8: Coefficients of correlation, R?, for various reaction orders (MW)

o 1% Order 2" Order 3" Order
Order
Temp Casel Case2 Case3 Case4 CaseS5 Case6 Case7 Case8 Case9 Case 10
°Cc (m=1, (m=0, (m=1, (mM=2, (m=0, (m=2, (m=1, (m=3, (m=0,

n=0) n=1) n=1) n=0) n=2) n=1) n=2) n=0) n=3)
50 9922 .8663 .9826 .9097 .5281 .9639 4439 .7425 1347 9354
60 .7603 .8060 .7733 .8012 .7739 .7840 .7184 .7943 5950 7920
70 .7618 .8533 .7803 .8483 .6973 .7969 .6736 .8412 4220 8109
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Highest correlation coefficients have been bolded in Table 4.8. Kinetic data at 50°C
(323K) suggested a zero order reaction, and kinetic data at 60 and 70°C (333 and 343K)
suggested a first order reaction. Zero order option has been ruled out as it neither has any
theoretical justification, nor any literature support ( Section 2.5.2). Overall reaction order,
defined as rate of disappearance of triglyceride, was therefore a first order. It was first
order with respect to triglyceride and zero order with respect to methanol (m = 1, n = 0).
Some of the published literature supporting a first order reaction for NaOH catalyst are
from Jain and Sharma (2010) for Jatropha curcas oil, and Jain et al. (2011) for waste

cooking oil.

4.3.2.2.3 Rate constant and Activation energy
Integrated form of the first order rate equation identified in previous section is given by

Eqgn 2.35:In (i) = kt . Hence a plot of In(—-) vs. time t should be a straight line, and

1-x4
reaction rate constant k given by the slope. Fig 4.18 gives such a plot for temperature of
70°C (343K) (R®=0.8533).

3.00E0 Reaction Kinetics: NaOH- MW

2.70E+0 Ordinate: F(x), Eqn 5.28. Abscissa: Time, s

2.40E+0

2.10E+0
1.80E+0
1.50E+0
1.20E+0
9.00E-1 o
6.00E-1

3.00E-1

0.00E+{

0
0.00E+0 9.00E+0 1.80E+1 2.70E+1 3.60E+1 4.50E+1 5.40E+1 6.30E+1 7.20E+1 8.10E+1 9.00E+1
co1

Figure 4.18: : Plot of kinetic equation 5.28 (MW) (Ordinate: In (ﬁ) , abscissa: t)
A

Correlation constants for Eqn 2.35 for temperatures 40, 50 and 60°C (313, 323, 333K).

were used to estimate reaction constant k as given in Table 4.9.

Table 4.9: Reaction constant k (MW)

Temp°C T (K) Const =1/ k Kk (per s) k (per min)
50 323.15 73.67 0.013574 8.14E-01
60 333.15 29.376 0.034041 2.04E+00
70 343.15 24.537 0.040755 2.45E+00

Activation energy (E) was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius
plot, Section 2.5.4.1). Fig 4.19 gives the plot.
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Arrhenius Plot: NaOH- MW
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Figure 4.19: Arrhenius plot for NaOH catalyst (MW)

The plot has a slope of 6134.8 (R? = 0.8804) which gave the activation energy, E as 51.0
kJ/mole, and the intercept gave pre-exponential factor, A = 2.68x10°.

4.3.2.3 Optimization studies
As mentioned in Section 4.3.1.3, optimization involves identifying the experimental

parameters for maximum vyield. A statistical experimental design was used to fit
experimental data into a correlation. The correlation can be used to predict the yield for a
given set of experimental variables, and to plot response surface and contour plots.

4.3.2.3.1 Experimental Design
Transesterification was carried out at full microwave power, and the reaction variables

were: catalyst concentration (mass%), reaction time (s), and methanol to oil molar ratio. A
five-level, three-factor Central Composite Design (CCD) was used to optimize these 3
independent variables to achieve maximum FAME yield. Table 4.10 gives the independent
variables and levels used for experimental design. RSM was used to further investigate the

influence of these 3 independent variables on FAME yield.

Table 4.10: Independent variables and levels for CCD (MW)

Independent variables Codes Variable levels
-0=-1.682 -1 0 1 +o=1.682
Catalyst amount (%0) X1 0.16 05 1 15 1.84
Time () X2 10 30 60 90 110

Methanol:oil ratio X3 4 6 9 12 14
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A total of 20 experiments, including 6 replications at the centre point, were conducted.

Replicates at the centre point give pure error.

4.3.2.3.2 Experimental results and data analysis

Table 4.11 gives the details of a set of 20 experiments in terms of actual and coded levels

as per CCD, and experimental and predicted FAME yields.

Table 4.11: CCD matrix with experimental FAME yield (MW)

Run

© 00O N O Ol A W DN B

e el =
w N P O

el e
© N o o

19
20

Level of variables [actual(coded)] Experimental Quadratic
Yield Model
(Eqn 6.4)
Catalyst,% Time (S) Methanol :oil Y
X1 X2 X3

1(0) 60(0) 9(0) 96.3 96.1
1(0) 10(-1.68) 9(0) 74.9 75.4
0.5(-1) 90(2) 12(1) 73.5 2.7
1(0) 60(0) 14(1.68) 75.1 75.3
1.84(1.68) 60(0) 9(0) 67.1 67.2
1(0) 60(0) 4(-1.68) 69.8 69.7
0.5(-1) 30(-1) 6(-1) 63.5 62.5
1(0) 60(0) 9(0) 95.5 96.1
1.5(1) 90(1) 12(1) 83.7 84.6
1.5(1) 90(1) 6(-1) 65.0 64.3
1(0) 60(0) 9(0) 95.8 96.1
1.5(1) 30(-1) 6(-1) 68.0 68.7
0.16(-1.68) 60(0) 9(0) 51.9 51.9
1(0) 60(0) 9(0) 95.9 96.1
1.5(1) 30(-1) 12(1) 83.1 82.0
1(0) 60(0) 9(0) 97.0 96.1
0.5(-1) 30(-1) 12(1) 48.3 48.9
1(0) 110(1.68) 9(0) 92.0 91.7
1(0) 60(0) 9(0) 96.3 96.1
0.5(-1) 90(1) 6(-1) 78.3 79.3

Data in Table 4.11 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 4.12 gives the result.
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Table 4.12: Summary for model fit- Sequential model sum of squares (MW)

Sequential Lack of Adjusted Predicted
Fit
Source p-value p-value R- R-Squared
Squared
Linear 0.4706  <0.0001 -0.0188 -0.2796
2FI 0.5071  <0.0001 -0.0549 -0.7445
Quadratic < 0.0001 0.0602 0.9968 0.9869  Suggested
Cubic 0.0208 0.7875 0.9990 0.9985 Aliased
Sequential Model Sum of Squares [Type 1]
Sum of Mean F  p-value
Source Squares  df Square Value Prob>F
Mean vs Total 1.234E+005 1 1.234E+005
Linear vs Mean 637.91 3 212.64 0.88 0.4706
2FI1 vs Linear 611.03 3 203.68 0.82 0.5071
Quadratic vs 2FI 3232.37 3 1077.46 1405.67 <0.0001  Suggested
Cubic vs 6.27 4 1.57 6.74 0.0208 Aliased
Quadratic
Residual 1.40 6 0.23
Total 1.279E+005 20 6395.34

Looking at R? values, Cubic model has the highest value but it is aliased, so should not be
selected. Next highest R* was for a Quadratic model ( R* = 0.9985), which was the
suggested model. Criterion of p-value, Prob > F was less than 0.0500, indicating that the
Quadratic model terms were significant. Quadratic was the highest order polynomial where
the model terms were significant and the model was not aliased. Table 4.13 is the ANOVA
for a Response Surface Quadratic Model.

Table 4.13: ANOVA for Response Surface Quadratic model (MW)

Analysis of variance table [Partial sum of squares - Type 111]

Sum of Mean F p-value
Source Squares  df Square Value Prob>F
Model 4481.30 9 497.92 649.60 < 0.0001 significant
X1-NaOH 279.32 1 279.32 364.41 < 0.0001
X2-Time 320.80 1 320.80 41853 < 0.0001
X3-Meth:oil 37.78 1 37.78 49.28 < 0.0001
X1.X2 224.72 1 224.72 293.17 < 0.0001
X1.X3 361.81 1 361.81 472.02 < 0.0001
X2.X3 2450 1 24.50 31.96 0.0002
X2 2410.93 1 241093 314534 <0.0001
X212 285.25 1 285.25 372.14 < 0.0001
X372 1006.17 1 1006.17 1312.67 < 0.0001
Residual 767 10 0.77
Lack of Fit 6.29 5 1.26 4.58 0.0602 not significant
Pure Error 1.37 5 0.27
Cor Total 4488.97 19
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The Model F-value of 649.60 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X3, X1.X2, X1.X3,
X2.X3, X172, X272, X372 were significant model terms. The "Lack of Fit F-value" of
4.58 implied there was a 6.02% chance that a "Lack of Fit F- value" this large could occur
due to noise. The p-value for lack-of-fit was greater than 0.05, hence it was not significant.
Table 4.14 gives the R? values for the Quadratic model.
Table 4.14: R* Values (MW)

Std. Dev. 0.88 R-Squared 0.9983
Mean 78.55 Adj R-Squared 0.9968
CV.% 1.11 Pred R-Squared 0.9869
PRESS 58.86 Adeq Precision 76.275

The "Pred R-Squared” of 0.9869 was in reasonable agreement with the "Adj R-Squared™ of
0.9968; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. In this case, the ratio of 76.275 indicated an
adequate signal. The full Quadratic model (Egn 4.2) can therefore be used for design
purposes, to predict the yield as a function of selected operation variables. Table 4.15 gives

the terms for the quadratic model.

Table 4.15: Coefficients for the Quadratic Model (MW)

Coefficient Standard 95% Cl  95% CI
Factor Estimate df Error Low High VIF
Intercept 96.13 1 0.36 95.34 96.93
X1-NaOH 4.52 1 0.24 3.99 5.05 1.0
X2-Time 4.85 1 0.24 4.32 5.37 1.0
X3-Meth:oil 1.66 1 0.24 1.14 2.19 1.0
X1.X2 -5.30 1 0.31 -5.99 -4.61 1.0
X1.X3 6.73 1 0.31 6.04 7.41 1.0
X2.X3 1.75 1 0.31 1.06 2.44 1.0
X172 -12.93 1 0.23 -13.45 -12.42 1.0
X272 -4.45 1 0.23 -4.96 -3.94 1.0
X372 -8.36 1 0.23 -8.87 -7.84 1.0

Since all the terms were significant, no reductions were needed. The model was:
Yield, Y =96.13 + 4.52 X1 + 4.85 X2 + 1.66 X3 —5.30 X1.X2 + 6.73 X1.X3 + 1.75
X2.X3 —12.92 X1% — 4.45 X2° - 8.36 X3° .44
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Table 4.11 gives the predicted FAME yields based on Eqn 4.4. Eqn 4.4 can be used for

response surface plots.

4.3.2.3.3 Response Surface and Contour Plots
Fig 4.20, 4.21, 4.22 give the RSM Surface and contour plots. Fig 4.20 gives response

surface and contour plot for FAME yield () as a function of Catalyst concentration (X1)
and Reaction time (X2). It shows that the maximum yield corresponded to a catalyst
concentration of about 1%, and a time of about 50s. These values were close to
experimentally observed values. Fig 4.21 gives a response surface and contour plot for
FAME vyield (Y) as a function of Catalyst concentration (X1) and Methanol to oil ratio
(X3). Optima was at a catalyst concentration of 1-1.25%, and a methanol: oil ratio slightly

above 9:1. This was in agreement with experimental observations.

Methanol:oil ratio 6 05

Catalyst conc, wt%

Figure 4.21: RSM plot- Effect of
Catalyst conc. and Methanol:oil ratio
on Yield (MW)

Figure 4.20: RSM plot- Effect of
Catalyst conc. and Time on Yield
(MW)

Fig 4.22 is a response surface and contour plot for FAME vyield (Y) as a function of
Reaction time (X2) and Methanol to oil ratio (X3). A methanol:oil ratio of 9:1, and a time
of 45s corresponded to the maximum yield. These values were in agreement with the

experimental observations.
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X

T30

Figure 4.22: RSM plot- Effect of Time and Methanol:oil ratio on Yield (MW)

4.4 Summary
Transesterification of Croton megalocarpus was studied using homogenous NaOH catalyst

under conventional water bath and microwave irradiation. When water bath was used, best
results corresponded to a methanol to oil ratio of 6:1, catalyst concentration of 1mass%, a
reaction temperature of 60-70°C (333- 343K), and a reaction time of 1 h. Reaction was
found to be of 2nd order with respect to triglyceride and zero order with respect to
methanol. Reaction rate constant and activation energy were obtained. CCD was used to
correlate FAME vyield as function of reaction variables in a second order quadratic
equation. RSM plots identified reaction variables for optimal yield.

When microwave irradiation was used, highest yield was obtained at 9:1 methanol to oil
ratio, 0.5% NaOH catalyst, and reaction time of 1 min. Microwave power below 60% was
inefficient in providing the necessary heating. Reaction order for the case of microwave
irradiation was 1% order with respect to triglyceride and zero order with respect to
methanol. Reaction rate constant and activation energy were obtained. CCD was used to
correlate FAME vyield as a function of reaction variables in a second order quadratic

equation. RSM plots gave regions of highest yield for microwave irradiation.
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5 HETEROGENEOUS ALKALINE EARTH OXIDE CATALYSIS IN THE
TRANSESTERIFICATION OF CROTON MEGALOCARPUS OIL

5.1 Introduction
Elements Barium, Strontium, Calcium, Magnesium and Berillium are in Group 2A

(alkaline earth metals) of the Periodic table. All members of this group are very reactive
and are thus never found in the free state in nature. Transesterification of croton
megalocarpus was carried out using heterogeneous oxides as a catalyst using both
conventional heating and microwave irradiation. Effect of operating variables on the

FAME yield, conditions for maximum yield and reaction kinetics were studied.

5.2 Materials and Methods
5.2.1 Materials

Analytical grade BaO (97%), SrO (99.9%), Nano CaO (98%), CaO (96%), Nano MgO
(99.8%), MgO (99%), and BeO (99.98%) were obtained from Sigma Aldrich. CaO RO
was synthesized in the lab. BaO and SrO were used as such while other samples were
calcined at 700°C (973K) for 3h before use. Other materials were as mentioned in Section
4.2.1.(Chapter 4).

5.2.2 Experimental setup
Experimental setup for conventional and microwave irradiation has already been described

under Section 4.2.2.1 and 4.2.2.2 of Chapter 4. Criterion for a perfect mixing in a batch
slurry reactor, in terms of minimum mixing speed, is given by Eqn 2.12 (Dossin et al.,
2006a):

N, > (126%)0'5 (—""'W:’fL‘ "L)O'S (‘;—’I’)O'165 €025 212

Where, N, = impeller speed (s), d; = impeller diameter (m), g = acceleration of gravity
(m*s™) = 9.81, pywer = density of catalyst filled with liquid (kg m™), p. = density of liquid
(kg m*®), d,, = particle diameter (m), &5 = catalyst fraction in slurry.

For BaO, d, =~ 3 um (Fig 3.21, Chapter 3), ppwet = 5720 kg m™ ( taken as solid density
since porosity is very small). For stirrer impeller, d; = 0.03m. For oil, p. = 930 kg m=.

Assuming a 1% catalyst and 9:1 methanol:oil ratio, & = 0.0077. Substituting the data in
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Eqn 2.12, minimum speed for perfect mixing was 9.22 s, or 553 rpm. For SrO, particle
size was estimated from BET surface area data assuming the particle to be non-porous and
spherical. The assumption of non porous particle was justified due to its very low porosity
(€ =0.04). BET surface area is related to particle diameter, D by Eqn 5.1 (Rouquerol et
al., 1999):

.01

SSA (BET) = o
p

Where SSA(BET) is BET specific surface area (m? kg™), p, is particle density (kg m™),
and d, = particle diameter (m). For SrO, SSA(BET) = 1361 m? kg™ (Table 3.13, Chapter
3), pp=4700 kg m" ® (Sigma Aldrich property data), giving particle diameter dp=0.94 pm.
For Eqn 2.12, ppwet = 4700 kg m™ ( taken as solid density since porosity was very small).
Assuming a 1% catalyst and 9:1 methanol:oil ratio, & = 0.0077, substituting the data in
equation 2.12, minimum speed for perfect mixing was 6.75 s, or 405 rpm. Calculations
for a 1% CaO and 9:1 methanol to oil feed, d, = 1pm = 1x10°® m, Ppwet = 3400 kg m™
0.0077, gave minimum speed as N; > 331 rpm. Similar calculation at 2% CaO gave, N, >
394 rpm. Minimum speed requirement of Nano CaO would be even lower due to smaller
particle size. Calculations for a 1% MgO and 9:1 methanol to oil feed, p. =930 kg m™, dp
= 1.1 um = 1.1x10° m, ppwet = 3750 kg m™, &5 = 0.0077 ; gave minimum speed as N, > 358
rpm. Similar calculation at 2% MgO gave, N, > 426 rpm. Minimum stirring speed would
be even lower for Nano MgO. For BeO particle size was estimated from BET surface area
data, assuming the particle to be non-porous and spherical For BeO, SSA(BET) = 92,330
m? kg™ (Table 3.13, Chapter 3), pp = 3010 kg m’ % (Sigma Aldrich data), giving particle
diameter dp, = 0.21 pm, ppwet = 3010 Kg m>. Assuming a 1% catalyst and 9:1 methanol:oil
ratio, & = 0.0077, minimum speed for perfect mixing was 5.25 s, or 315 rpm. The stirrer
was operated at 800 rpm which ensured perfect mixing and ruled out mass transfer

resistances for all catalyst samples.
5.2.3 Experimental Procedure

5.2.3.1 Conventional Heating

Figure 4.1a and 4.1b (Chapter 4) show the experimental setup. Weighed amount of croton

megalocarpus oil was added to the reactor and heated in the water bath to the reaction
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temperature. Weighed amount of oxide catalyst and measured volume of methanol were
heated separately in a round bottom flask in a water bath at desired temperature, under
reflux and mechanical stirring, for 1 hour. This was to activate the catalyst through
complete mixing with methanol. Oxide reacts with methanol to form methoxide, which
catalyzes the reaction. The catalyst and methanol mixture was then added to the oil. The
mechanical stirrer was immediately started, and the reaction timed at this point. At the end
of the desired reaction time, the round bottom flask was immersed in ice bath to quench the
reaction. The contents were then centrifuged for thirty minutes to separate the FAME,
methanol and solid catalyst fraction. Clear FAME collected at the top over glycerol and
unreacted methanol which formed the bottom aqueous fraction. Spent catalyst settled at the
bottom of centrifuge tube. FAME was decanted from the centrifuge tube and heated at
90°C (363K) in an oven, for 1 h, to drive off dissolved methanol. The dried FAME sample
was kept in a deep freezer pending analysis by GC. For kinetic studies, samples were
removed using a hypodermic syringe periodically and treated as above.

In the study of effect of operating variables, variables studied were (i) Methanol to
triglyceride molar ratio, (ii) Catalyst concentration, and (iii) Reaction temperature. Effect
of reaction time on FAME yield was studied under reaction kinetics. Stirring speed was
kept constant at 800 rpm.

Effect of catalyst concentration on FAME yield was studied using catalyst concentrations
of 0.5, 1, 1.5, 2, 3 mass% based on oil mass. Batch consisted of 30 ml of Croton
megalocarpus oil (FFA = 1.7), methanol to oil ratio of 9:1, reaction temperature 70°C
(343K), reaction time 2 h.

In the study of effect of methanol to oil molar ratio, the ratio was varied as 6:1, 9:1, 12:1,
15:1. Batch consisted of 30 ml of Croton megalocarpus oil (FFA = 1.7), catalyst 1% by
mass of oil. Reaction temperature was 70°C (343K), and reaction time 2 h.

In the study of effect of reaction temperature, mass transfer resistances were eliminated
by using high stirring speed, leaving surface reaction as being a rate controlling step.
Reaction temperature was increased in the range of 40 — 70°C (313 — 343 K). Reaction at a
higher temperature of 80°C (353K) resulted in a coagulated mass of oil since the reaction
temperature was higher than the normal boiling point of methanol, resulting in methanol

being in vapour phase and poor contact with triglyceride. Reactions were carried out at
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constant catalyst concentration of 1 mass%, methanol to oil molar ratio of 9:1, and reaction
time of 2 h.

In order to study the reaction kinetics, transesterification was carried out at constant
temperatures of 40, 50, 60, 70°C (313, 323, 333, 343 K). Other variables were kept
constant at: methanol to oil ratio 9:1, catalyst at 1 mass%, reaction time of 3 h. Each run
consisted of 100 ml of oil, and product samples (of 1 ml) were drawn at time intervals of
15, 30, 45, 60, 90, 120, 150, 180 min. Regression analysis was used to identify the reaction
order, and the regression coefficients were used to obtain reaction rate constant. Activation
energy was estimated by use of Arrhenius equation.

Reaction order, Activation Energy and Pre-exponentail factor: Reaction order was
obtained by fitting the kinetic data into integrated reaction rate equations. Equations 2.34 —
2.43 (Chapter 2) are the integrated form of rate equations covering overall reaction orders
from ‘zero’ to ‘three’. L.H.S. of these equations are functions of conversion or Yield,
F(xa); and the R.H.S. is a function of reaction time, t. These equations are in the form of y
= mx (passing through origin). For all the ten cases, y (or F(xa)) is correlated with x (or
time t) and the coefficient-of-determination obtained for a linear regression passing
through origin. This was done for all the four temperatures. Highest correlation coefficient,
R?, at a given temperature indicated the reaction order. Activation energy E was obtained
from the slope of the plot of Ink vs. 1/T (Arrhenius plot, Section 2.5.4.1), and intercept
gave Pre-exponentail factor, A.

Optimization studies: Experiments were designed to study the effect of reaction variables
on the yield and thereafter graphically present conditions for a maximum yield through
RSM. Experimental data were fitted into an appropriate correlation, which was then plotted
in surface and contour plots depicting optimal conditions. A five-level, three-factor Central
Composite Design (CCD) (Appendix A) was used to optimize the process variables of
reaction temperature, methanol to oil ratio, and catalyst concentration. Reaction time was
kept constant at 2h. Table 5.1 gives the independent variables and levels used for

experimental design.
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Table 5.1: : Independent variables and their levels in CCD (WB)

Independent variables  Codes Variable levels

-0=-1.682 -1 0 1 +a=1.682
CATALYST CONC, % X1 0.16 0.5 1 15 1.84
TEMPERATURE, °C X2 43 50 60 70 77
METH:OIL MOL X3 4 6 9 12 14
RATIO

A total of 20 experiments, including 6 replications at the centre point, were performed in

randomized order. Replicates at the centre point give pure error.

5.2.3.2 Microwave Irradiation
Figure 4.2a and 4.2b (Chapter 4) show the experimental setup Procedure was almost

similar to the case of conventional heating. Methanol and oxide catalysts were activated
through heating in a round bottom flask in a water bath for 1 hour at desired temperature,
under reflux and mechanical stirring, prior to being added to the reactor in microwave.
Stirring in microwave was vigorous to prevent hot-spots within the reacting media. For
studies involving effect of power, power setting of 40, 60, 80, 100% were used. For kinetic
studies, constant temperatures were maintained by controlling input voltage through a
voltage regulator. This temperature control through manual input voltage control was
satisfactory only for a short reaction time. Attempts to maintain a lower temperature by
reducing the in-built microwave power setting were not successful as the microwave kept
on switching off-and-on at lower power settings, resulting in temperature fluctuations. The
microwave was switched off whenever a sample was withdrawn. After an experimental run
the oven was allowed to cool to ambient temperature before reuse. The reaction mixture
was centrifuged for 30 minutes and clear FAME decanted from top. Bottom layer of
centrifuge tube contained the glycerol, methanol with solid catalyst settled at the bottom.
FAME was dried for 1 h at 90°C (363K) in an oven to remove dissolved methanol. For
kinetic studies, samples were periodically removed using a hypodermic syringe and treated
as above.

In the study of effect of operation vatiobles, variables identified for the study were (i)
Methanol to triglyceride molar ratio, (ii) Catalyst concentration, (iii) Reaction time, (iv)

Reaction temperature, and (v) Microwave Power. Stirring was through an electromagnetic
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stirrer operating at full speed. Mixing was very vigorous and mass transfer resistances
were ruled out. Twenty five ml of oil was used in each run with exception of kinetic
studies where 50 ml of oil was used.

In the study of effect of methanol to oil molar ratio reactions were carried out with 1
mass% of catalyst for 5 min at full microwave power. Methanol to oil ratios were 6:1, 9:1,
12:1, and 15:1. Batch consisted of 25 ml of Croton megalocarpus oil (FFA = 1.7).

Effect of catalyst concentration was studied by varying catalyst concentration from 0.5 to
3.0 mass% of oil. Methanol to oil molar ratio was 9:1, and reaction time was 5 min at full

microwave power.

Optimization Studies: As in the case of conventional heating, a five-level, three-factor
Central Composite Design (CCD) was used to optimize the process variables of catalyst
concentration (Coded X1), reaction time (Coded X2), and methanol to oil ratio (Coded
X3). Reactions were conducted at full microwave power. Table 5.2 gives the independent

variables and levels used for experimental design.

Table 5.2: Independent variables and their levels in CCD (MW)

Independent variables  Codes Variable levels

-o=-1.682 -1 0 1 +o=1.682
CATALYST, % X1 0.16 0.5 1 15 1.84
TIME, MIN X2 0.5 15 3 4.5 55
METH:OIL MOL
RATIO X3 4 6 9 12 14

A total of 20 experiments, including 6 replications at the centre point, were performed in

randomized order. Replicates at the centre point give pure error.

5.24 FAME Analysis
FAME was analyzed as per the procedure described in Section 4.2.4 (Chapter 4).

5.3 Results and Discussions

This section gives results and discussions for the studies with BaO, SrO, Nano CaO, CaO
RO, CaO, Nano MgO, MgO and BeO catalysts, for conventional heating and microwave
irradiation.
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5.3.1 Studies with Conventional Heating- Barium oxide catalyst

This section deals with transesterification reactions carried out with conventional heating
employing a water bath as a heat source.

5.3.1.1 Effect of operation variables on FAME vyield

5.3.1.1.1 Effect of methanol to triglyceride molar ratio on FAME yield

A FAME vyield of 69.2% corresponded to a 6:1 molar ratio. It increased to 82.1% when the
ratio was increased to 9:1. The highest yield of 83.0% was obtained for a ratio of 12:1. As
the methanol: oil ratio was increased further to 15:1, the yield dropped slightly to 81.5%.
Fig 5.1 gives the FAME yield as a function of methanol to oil ratio.

Initially excess of methanol drives the transesterification reaction (Eqn 2.2, Chapter 2)
towards left, increasing the yield. But an excess of methanol dilutes the catalyst percentage
in the reaction system and unreacted methanol mixes with glycerol bringing about
separation problems. Also, in presence of surplus methanol, glycerol forms emulsion with
FAME, lowering the yield. Literature for these observations has been sighted in Section
5.3.1.1.1, Chapter 5. Patil et al. (2009) have reported a maximum FAME yield of 83% at
9:1 methanol:oil ratio for BaO catalyst for Camelina sativa oil, and the yield dropped

slightly as the ratio was increased.

5.3.1.1.2 Effect of catalyst concentration on FAME vyield
A BaO concentration of 0.5 mass% gave an vyield of 72%. Yield increased when

concentration was raised to 1 mass%, to 81% of FAME. Further increase in catalyst
concentration did not result into any substantive increase in yield. Observed increase in
FAME vyield was only 1% when catalyst concentration was increased from 1mass% to 2
mass%, and it remained unchanged when the concentration was increased to 3 mass%. Fig
5.2 gives the effect of catalyst concentration on FAME vyield. Patil et al. (2009) have
reported a 83% FAME vyield for Camelina sativa oil at 3h, 100°C (373K), 1 mass% BaO

catalyst, and 9:1 methanol to oil ratio.
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Figure 5.1: Effect of Methanol: oil Figure 5.2: Effect of BaO
ratio on Yield (WB) concentration on FAME yield (WB)

5.3.1.1.3 Effect of temperature on FAME yield
An vyield of 53% was obtained at 40°C (313K), and it increased as the temperature was

increased. The increase in yield was substantive from 40 — 60°C (313 — 333 K), and
increase was little when temperature was increased to 70°C. A state of equilibrium was
reached at 60°C (333 K) and no further increase in yield was noted. Fig 5.3 gives the effect
of reaction temperature on FAME yield.

5.3.1.2 Reaction Kinetics

5.3.1.2.1 Effect of Time on FAME yield
FAME vyield for temperatures of 40, 50, 60, 70°C (313, 323, 333, 343 K) is plotted as a
function of time as given in Fig 5.4.

90 100
70 7 80 = ‘H—
60
T 50 o 0] / HEN
] ] quete 40 deg C
> 40 > 40
30 e=iil== 50 deg C
20 20 - == 60 deg C
10 b 70 deg C
0 0 1 1 T 1
30 40 50 60 70 80 0 50 100 150 200
Temperature, deg C Time ( min)
Figure 5.3: Effect of reaction temp. on Figure 5.4: Variation of Yield with

yield (WB) time at various temperatures (WB)
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Yields increased with increase in temperature. Yield at 40°C (313K) was much lower
compared to yields at 50, 60 and 70°C (323, 333 and 334K). For 50, 60 and 70°C (323, 333
and 334K), the yield curves became almost horizontal after a time period of 1 h, and there
were not much increase in yield. Final yields for temperatures of 40, 50, 60 and 70°C (313,
323, 333 and 334K) were 65, 73, 79 and 82.8% respectively.

5.3.1.2.2 Order of reaction

Table 5.3 gives the coefficients of correlation, R?, for all the ten cases of reaction orders,
for all temperatures. Indices m and n refer to the general rate equation: —r, = — a4 _

dt
k [A]™ [B]™ (Eqn 2.29).

Table 5.3: Coefficients of correlation, R2, for various reaction orders (WB)

o 1% Order 2" Order 3" Order
Order
Temp Casel Case Case Case Case5 Case Case Case8 Case9 Case
°C 2 3 4 (m=2, 6 7 (m=1, (m=3, 10
(m=1, (m=0, (m=1, n=0) (m=0, (m=2, n=2) n=0) (m=0,
n=0) n=1) n=1) n=2) n=1) n=3)

40 0.6352 0.7581 0.6632 0.7858 0.8735 0.6914 0.8952 0.8140 0.9550 0.7195
50 0.5282 0.6318 0.5507 0.6508 0.7136 0.5728 0.7650 0.6680 0.7604  0.5941
60 0.5233 0.6844 0.5529 0.7150 0.8409 0.5831 0.9629 0.7421 0.9438 0.6134
70 0.5041 0.6346 0.5299 0.6528 0.7062 0.5550 0.7099 0.6668 0.7067 0.5790

Highest coefficient-of-correlation at each temperature is given in bold. Regression analysis
for the reaction at 40°C (313K) suggested a third order reaction with m = 3; whereas
reactions at 50, 60 and 70°C (323, 333 and 343K) indicated a third order reaction with m =
2, n = 1. From this analysis, the most likely overall reaction order was ‘three’, second order
with respect to triglyceride and first order with respect to methanol (Case 7 in Table 5.3).

The ‘slope’ in this case is = k [Ao]* The rate equation, in terms of rate of disappearance of
triglyceride, is: —r, = — % = k [A]? [B], where A is triglyceride.
5.3.1.2.3 Rate constant and Activation energy

Integrated form of rate reaction in Case 7 (Table 5.3) is Egn 2.40:

1 Xz 3 (aB — 3XA) _ ,
(013—3)(1—xA_aB—3) (1—x,)az =k[Al5t
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L.H.S is F(xa) and RHS is a function of time t. Regression linear plot for F(xa) vs. t for
70°C (343K) is given in Fig 5.5.The ordinate is L.H.S expression of Eqn 2.40, and abscissa

ist. Reaction constant k is given by the slope of the plot (R? = 0.7099).

Reaction Kinetics: BaQ - WB
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Figure 5.5: Plot of kinetic equation 5.33 (WB)
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Correlation constants (k [Ao]? ) for Eqn 2.40 for the four temperatures were used to

estimate reaction constant k as given in Table 5.4.

Table 5.4: Reaction constant k (WB)

Temp°C TempK [Ao]? .k [Ao] k
g/cm3 (in min)
40 313.15 0.001603 0.6663 3.61E-03
50 323.15 0.003003 0.6663 6.76E-03
60 333.15 0.003558 0.6663 8.02E-03
70 343.15 0.005655 0.6663 1.27E-02

. Fig 5.6 gives the plot.
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Arrhenius plot: BaO- WB
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Figure 5.6: Arrhenius plot for BaO catalyst (WB)

The slope was 4255.47 ( R* = 0.9615), which gave the Activation energy, E = 35.38
kJ/mol; and the intercept gave pre-exponential factor A = 3.07x10°.

There is not much published literature on use of BaO as a transesterification catalyst. Singh
and Fernando (2007) used BaO for soybean oil transesterification in a high pressure reactor
and have reported an overall third order kinetics, second order with respect to triglyceride
and first order with respect to methanol. Reaction constant k (at 215°C) was found to be
0.0085 g> mol? min™. In a transesterification study of Camelina sativa oil on BaO
catalyst, the reaction was of a similar order, and reaction constant was 0.0526 g°> mol™
min™ (reaction temperature not given) (Patil et al., 2011). The present work is in

agreement with the published literature on BaO kinetics.

5.3.1.3 Optimization studies

5.3.1.3.1 Experimental results and data analysis
Table 5.5 gives the details of a set of 20 experiments in terms of actual and coded levels, as
per CCD, and the FAME vyields obtained in experimental studies. Last column of the Table

also gives the predicted yield based on the quadratic correlation (Eqn 4.2).

Table 5.5: CCD matrix with experimental FAME yield (WB)

Run Level of variables [actual(coded)] Expt. Quadratic
Yield Model

(Egn 5.2)

Catalyst,% Temp, (°C) Methanol :oil Y
X1 X2 X3

1 1(0) 60(0) 9(0) 81.3 81.7
2 1(0) 43(-1.68) 9(0) 60.9 60.8
3 0.5(-1) 70(2) 12(1) 76.1 77.0
4 1(0) 60(0) 14(1.68) 74.2 74.1
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5 1.84(1.68) 60(0) 9(0) 74.01 73.9
6 1(0) 60(0) 4(-1.68) 58.6 59.0
7 0.5(-1) 50(-1) 6(-1) 52.9 53.8
8 1(0) 60(0) 9(0) 83.1 81.7
9 1.5(1) 70(1) 12(1) 78.9 77.8
10 1.5(1) 70(1) 6(-1) 61.1 62.0
11 1(0) 60(0) 9(0) 81.9 81.7
12 1.5(1) 50(-1) 6(-1) 725 71.4
13 0.16(-1.68) 60(0) 9(0) 57.9 58.3
14 1(0) 60(0) 9(0) 815 81.7
15 1.5(1) 50(-1) 12(1) 66.5 67.9
16 1(0) 60(0) 9(0) 81.7 81.7
17 0.5(-1) 50(-1) 12(1) 57 55.9
18 1(0) 77(1.68) 9(0) 70.1 705
19 1(0) 60(0) 9(0) 81 81.7
20 0.5(-1) 70(1) 6(-1) 57 55.5

Data in Table 7.4 were tested for fit for a linear, two-factor interaction (2FI), quadratic and

cubic polynomials. Table 7.5 gives the result.

Table 5.6: Summary for model fit- Sequential model sum of squares (WB)

Sequential Model Sum of Squares [Type 1]

Sum of Mean F  p-value
Source Squares df  Square Value Prob>F
Mean vs Total 99152.77 1 99152.77
Linear vs Mean 681.31 3 227.10 2.63 0.0860
2F1 vs Linear 266.03 3 88.68 1.03 0.4110
Quadratic vs 2FI 1104.45 3 368.15 275.92 <0.0001 Suggested
Cubic vs Quadratic 1046 4 2.62 5.45 0.0337 Aliased
Residual 288 6 0.48
Total 1.012E+005 20  5060.90

For linear and 2FI, p value > 0.05, hence they did not qualify for regression. For Quadratic
and Cubic, the F and p values satisfy the conditions, but cubic was aliased hence should
not be chosen. The appropriate model for the given set of data was full Quadratic model
(Eqn4.2, Chapter 4) 1Y = by + Yo by Xi + Xie by XF + X121 Y01 by Xi X;
Y is the Yield, X; are coded variables as given in Table 5.1.
Table 5.7 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.7: ANOVA for Response Surface Quadratic model (WB)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]
Sum of Mean F  p-value

Source Squares df Square Value Prob>F
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Model 2051.79 9 22798 170.86 <0.0001 significant

X1-BaO 29149 1 29149 218.47 <0.0001

X2-Temp 11525 1 11525 86.37 < 0.0001

X3-Meth:oil 27458 1 27458 205.79 <0.0001

X1.X2 6161 1 6161 46.17 <0.0001

X1.X3 1624 1 1624 12.18 0.0058

X2.X3 188.18 1 188.18 141.04 < 0.0001

X1n2 44083 1 440.83 330.39 <0.0001

X212 466.84 1 466.84 349.89 <0.0001

X372 416.11 1 416.11 311.87 <0.0001

Residual 13.34 10 1.33
Lack of Fit 10.67 5 2.13 3.99 0.0776 not significant
Pure Error 267 5 0.53

Cor Total 2065.13 19

The Model F-value of 170.86 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X3, X1.X2, X1.X3,
X2.X3, X172, X272, X3"2 were significant model terms. The "Lack of Fit F-value" of
3.99 implied there was a 7.76% chance that a "Lack of Fit F-value" this large could occur
due to noise. Lack of fit was not very good, but p = 0.0776 (> 0.05) indicated that it was
acceptable. Hence lack-of-fit was insignificant. Table 5.8 gives the R-square values for the
model.
Table 5.8: R-Square values (WB)

Std. Dev. 1.16 R-Squared 0.9935
Mean 70.41 Adj R-Squared 0.9877
CV.% 1.64 Pred R-Squared 0.9515
PRESS 100.08 Adeq Precision 34.221

The "Predicted R-Squared™ of 0.9515 was in reasonable agreement with the "Adjusted R-
Squared" of 0.9877; i.e. the difference was less than 0.2."Adeq Precision™ measures the
signal to noise ratio. A ratio greater than 4 is desirable. For this model a ratio of 34.221
indicated an adequate signal. This model can be used for design purposes as it adequately
represented the experimental data. Table 5.9 gives the coefficients for the model.

Table 5.9: Coefficients for the full quadratic model (WB)

Coefficient Standard 95% ClI 95% ClI
Factor Estimate df Error Low High
Intercept 8174 1 0.47 80.69 82.79
X1-BaO 462 1 0.31 3.92 5.32
X2-Temp 290 1 0.31 2.21 3.60
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X3-Meth:oil 448 1 0.31 3.79 5.18
X1.X2 278 1 0.41 -3.68 -1.87
X1.X3 -142 1 0.41 -2.33 -0.52
X2.X3 485 1 0.41 3.94 5.76
X172 heres 0.30 -6.21 -4.85
X272 569 1 0.30 -6.37 -5.01
X312 537 1 0.30 -6.05 -4.69

Since all the terms were significant, no further reductions were needed. Hence the model
was: Yield, Y =81.74 + 4,62 X1 + 2.90 X2 + 4.48 X3 — 2.78 X1.X2 — 1.42 X1.X3 + 4.85
X2.X3 - 5.53 X1* - 5.69 X2* - 5.37 X3° ..5.2

Predicted yields based on this model are given in Table 5.5. Egn 5.2 can be used for

response surface plots.

5.3.1.3.2 Response Surface and Contour Plots
Fig 5.7 is a RSM plot giving response surface and contours for FAME yield as a function

of BaO catalyst concentration and reaction temperature. The optima was close to catalyst
concentration of 1 mass% and a temperature of 60°C (333K). These fairly agreed with the

experimental observations.

Figure 5.7: RSM plot- Effect of BaO conc. and Temp. on Yield (WB)

Fig 5.8 is a RSM plot giving response surface and contours for FAME vyield as a function
of BaO catalyst concentration and methanol to oil ratio. The optima was close to catalyst
concentration of 1 mass% and a methanol to oil ratio of 9:1. These agreed well with the

experimental observations.
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Fig 5.9 is a RSM plot giving response surface and contours for FAME yield as a function
of reaction temperature and methanol to oil ratio. The optima was close to a temperature of
70°C (343K) and a methanol to oil ratio of 9:1. This is in an agreement with the

experimental observations.

Figure 5.8: RSM plot- Effect of BaO Figure 5.9: RSM plot- Effect of
conc. and Methanol:oil ratio on on Methanol:oil Yield (WB) ratio and
Yield (WB) Temp.

5.3.2 Studies with Microwave Irradiation- Barium oxide catalyst
This section deals with transesterification of Croton megalocarpus oil using heterogeneous

BaO catalyst with microwave irradiation.

5.3.2.1 Effect of operation variables on FAME vyield

5.3.2.1.1 Effect of methanol to triglyceride molar ratio on FAME yield

FAME yield increased with the increase of methanol to oil ratio from 6 to 9, and from 9 to
12. Maximum FAME yield of 77.2% corresponded to the ratio of 12:1. Yield dropped to
73.0% as the methanol ratio was increased to 15:1. This drop of yield beyond a certain
methanol to oil ratio has been observed in earlier such studies. Reasons given were:
dilution of catalyst at excess methanol, glycerol forming an emulsion with FAME in
presence of excess methanol reducing FAME separation, and methanol dissolving in
glycerol bringing about separation problems (Section 4.3.2.1.1). A maximum FAME vyield
of 94% has been reported for microwave irradiated transesterification of Camelina sativa
oil at 9:1 methanol:oil ratio, 1.5 mass% BaO catalyst; and the yield dropped as the

methanol to oil ratio was further increased (Patil et al., 2010). Under combined effect of
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microwave and ultrasound irradiation highest FAME vyield was obtained at 4.5:1 methanol
to oil ratio, at 1 mass% BaO catalyst, for used vegetable oil transesterification. Yield began
to drop as the methanol:oil ratio was increased beyond 4.5 due to dilution of BaO at higher
methanol ratio (Martinez-Guerra and Gude, 2014). Fig 5.10 gives the fame yield as a

function of methanol to oil ratio.

5.3.2.1.2 Effect of catalyst concentration on FAME vyield
Fig 5.11 gives FAME vyield as a function of BaO concentration. FAME vyield initially

increased with the increase in BaO concentration and highest yield of 78.5% was at 2
mass% BaO. Yield slightly dropped to 76% when the BaO concentration was increased to
3 mass%. Figure shows that the yield became almost constant at BaO concentration above
1 mass%. As already mentioned in previous section, Patil et al.(2010) have reported an
optimum concentration of 1.5 mass% BaO and 4 min reaction time, for 94% vyield of

FAME from Camelina Sativa oil using microwave irradiation.

90 90
80 80
S~ Ve
70 70
E 60 / % 60 /
= / =
50 50
40 40
30 30
3 6 9 12 15 18 0 0.5 1 1.5 2 2.5 3 3.5
Methanol:oil molar ratio BaO, mass%
Figure 5.10: FAME vyield as a function Figure 5.11: FAME yield as a function
of Methanol:oil ratio (MW) of BaO concentration (MW)

5.3.2.1.3 Effect of reaction time on FAME vyield
Transesterification was carried out with 1 mass% BaO, 9:1 methanol to oil molar ratio at

full microwave power. An yield of 62.7% was obtained after 30s of reaction time.
Maximum yield of 76.9% corresponded to 3 min of time. After 3 min, a slight drop in
yield was noted. Such slight drop in yield after a certain reaction time have also been
reported by other studies with microwave irradiation (Patil et al., 2010; Martinez-Guerra

and Gude, 2014 ). Although no specific reasons have been given to such a decrease, it
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could be due to the reversible nature of the reaction. Fig 5.12 gives the effect of reaction

time on FAME vyield at full microwave power.

5.3.2.1.4 Effect of microwave power
Microwave reactor had built in power settings of 20, 40, 60, 80, 100%. Reactions were

carried out at microwave power of 40, 60, 80 and 100%, at methanol to oil ratio of 9:1, 1
mass% of BaO, and a reaction time of 5 min. Fig 5.13 gives the effect of microwave power
on FAME vyield. As expected, yield increased with the rise of power since microwave
power is directly related to microwave irradiation. The increase was more steep when
power was increased from 40- 80%. After a power level of 80% the rise in yield was
gradual. The increase in FAME yield from 80 to 100% of power was from 68.2 to 75.5% .

100 80
20 70 ;4
***ﬂ 60 /
- 60 -f” < 50 /
K] @ 40
> 40 I > 30 /
20
20 10 4l
0 0
0 051 15 2 25 3 35 4 45 5 55 0 20 40 60 80 100
Time, min Microwave Power, %
Figure 5.12: Effect of reaction time on Figure 5.13: Effect of microwave
Yield (MW) power on FAME yield

5.3.2.2 Reaction Kinetics
Transesterification reactions were carried out at constant temperatures of 50, 60 and 70°C

(323, 333, 343K). Constant reaction parameters were methanol to oil ratio - 9:1, BaO
concentration -1 mass%. Samples were drawn at 30, 45, 60 and 90s.

5.3.2.2.1 Effect of Time on FAME yield
Fig 5.14 is a plot of FAME yield vs. reaction time at varying reaction temperatures. Nature

of yield vs time curves were similar at all the three temperatures. Yields at 60 and 70°C
(333 and 343K) were close to each other. After an initial period of accelerated increase,
yield became almost constant with time after 60s. Yields at the end of 60 s for the
temperatures of 50, 60 and 70°C (323, 333, 343K) were, 51.3, 63.0, 68.5%; while yields at
the end of 90 s for these temperatures were, 55.2, 67.3, 71.7% respectively.
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Figure 5.14: Variation of Yield with time at various temperatures (MW)

5.3.2.2.2 Order of reaction
Table 5.10 gives the coefficients of correlation, R?, for all the ten cases of reaction orders,
for all temperatures. Indices m and n refer to the general rate equation: —r, = — a4l

dt
k [A]™ [B]™ (Eqgn 2.29).

Table 5.10: Coefficients of correlation, R? for various reaction orders (MW)

o 1 Order 2" Order 3" Order
Order
Temp Casel Case 2 Case Case4 Case5 Case6 Case7 Case8 Case9 Case
°C (m=1, 3 (m=1, (m=2, (m=0, (M=2, (m=1, (m=3, 10
n=0) (m=0, n=1) n=0) n=2) n=1) n=2) n=0) (m=0,
n=1) n=3)

50 .8719 9238 .8858 .9341 9577 .8991 .9617 9436 9603 9114
60 .8056 .8768 .8219 .8899 9297 .8376 .9360 9016 .9293  .8527
70 .7923 ..8851 .8120 .9017  .9517 .8315 .9580 9161 9514 9505

Highest correlation coefficients are in bold in Table 5.10. The most likely order of reaction
was ‘three’; second order with respect to triglyceride, and first order with respect to

methanol (Case 7). The integrated form of rate equation is Eqn 2.40 (Chapter 2) given as:
1 ( XA 3 )ln (ap—3x4) =k

(ap—3) \1-x4 B ap—3 (1-xa)ap

[A]2 t. The slope in this case is = k [A]°.

5.3.2.2.3 Rate constant and Activation energy
L.H.S. of Eqn 2.40,( (“31—3)( 2 ) =30 s g function of conversion Xa , F(Xa), or

1-x4 ap—3 (1-x4)ap

the yield. A plot of F(xa) vs time t is a straight line passing through the origin. Regression
linear plot for F(xa) vs. t for 70°C (343K) is given in Fig 5.15. The ordinate is,
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= ( Z )ln @s-3*4)y and abscissa is t. Reaction constant k is given by the slope of

(ap—-3) \1-x4  ap-3 (1-xa)ap

the plot (R? = 0.9580).

L.00EA Reaction Kinetics: BaO- MW

26061 Ordinate: F(x), Eqn 5-33
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Figure 5.15: Plot of kinetic equation 5.33 (MW)

Correlation constants (k [Ao]° ) for Eqn 2.40 for the three temperatures were used to
estimate reaction constant k as given in Table 5.11.

Table 5.11: Reaction constant k (MW)

Temp,°C  Temp K [Ao]* .k [Ao] k
g/cm3 in min
50 323.15 0.001902 0.6663 2.57E-01
60 333.15 0.003405 0.6663 4.60E-01
70 343.15 0.004209 0.6663 5.69E-01

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1). Fig 5.16 gives the plot (R* = 0.9408).

Arrhenius Plot: BaO- MW
0.0029 0.00295 0.003 0.00305 0.0031 0.00315

In k
A

1T

Figure 5.16: Arrhenius plot for BaO (MW)
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Slope of the plot was 4422.3, giving Activation energy, E = 36.77 kJ/mol; and the intercept

gave the pre-exponential factor, A = 2.38x10°.

5.3.2.3 Optimization studies

5.3.2.3.1 Experimental Design

5.3.2.3.2 Experimental results and data analysis
Table 5.12 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Last column in

the Table also gives the Predicted yield calculated from Reduced Quadratic Model (Egn

5.3).

Table 5.12: CCD matrix with experimental FAME yield (MW)

Run Level of variables [actual(coded)]

Catalyst,% Time (min)

X1 X2
1 1(0) 3(0)
2 1(0) 0.5(-1.68)
3 0.5(-1) 4.5(1)
4 1(0) 3(0)
5  1.84(1.68) 3(0)
6 1(0) 3(0)
7 0.5(-1) 1.5(-1)
8 1(0) 3(0)
9 1.5(1) 4.5(1)
10 1.5(1) 4.5(1)
11 1(0) 3(0)
12 1.5(1) 1.5(-1)
13 0.16(-1.68) 3(0)
14 1(0) 3(0)
15 1.5(1) 1.5(-1)
16 1(0) 3(0)
17 0.5(-1) 1.5(-1)
18 1(0) 5.5(1.68)
19 1(0) 3(0)

Methanol :oil

X3
9(0)
9(0)

12(1)

14(1.68)

9(0)

4(-1.68)

6(-1)
9(0)
12(1)
6(-1)
9(0)
6(-1)
9(0)
9(0)
12(1)
9(0)
12(1)
9(0)

9(0)

Experimental
Yield

75.1
62.7

62.1
68.1
74.1

56.7
61.9
76.9
77.5
56.1
74.1
69.1
54.5

75.0
66.5
74.8
54.5
64.9

75.6

Reduced
Model

(Egn 5.3)

Y

75.3
63.4

63.4
67.1
72.8

57.6
61.8
75.3
78.1
58.1
75.3
67.5
55.7

75.3
67.8
75.3
53.1
64.1

75.3
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20 0.5(-1) 45(1) 6(-1) 54.1 52.4

Data in Table 5.12 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.13 gives the result.

Table 5.13: Summary for model fit- Sequential model sum of squares (MW)

Summary for model fit

Sequential  Lack of Fit Adjusted Predicted
Source p-value p-value R-Squared R-
Squared
Linear 0.0752 < 0.0001 0.2188 0.0200
2FI1 0.2465 < 0.0001 0.2930 -0.2837
Quadratic < 0.0001 0.0603 0.9652 0.8702 Suggested
Cubic 0.0201 0.9064 0.9896 0.9930 Aliased
Sequential Model Sum of Squares [Type I]
Sum of Mean F p-value
Source Squares df  Square Value Prob>F
Mean vs Total 89017.82 1 89017.82
Linear vs Mean 463.45 3 154.48 2.77 0.0752
2F1 vs Linear 235.85 3 78.62 1.56 0.2465
Quadratic  vs 630.32 3 210.11 84.58 < 0.0001 Suggested
2FI1
Cubic VS 20.37 4 5.09 6.84 0.0201 Aliased
Quadratic
Residual 4.47 6 0.74
Total 90372.29 20 4518.61

Cubic has the highest R?, followed by R? for Quadratic model. However, cubic was not
suitable being aliased. For linear and 2FI, p value > 0.05, hence they did not qualify for
regression. For Quadratic and Cubic, the F and p values satisfied the conditions, but cubic
was once again aliased and hence should not be chosen. The appropriate model for the
given set of data was full Quadratic model (Eqn 4.2, Chapter 4) :

Y = by + XiLibi Xi+ Xy by X+ X121 Xmira bij Xi X
Y is the Yield, X; are coded variables as given in Table 5.2.

Table 5.14 gives Analysis of VVariance (ANOVA) for a full quadratic model.

Table 5.14: ANOVA for Response Surface Quadratic model (MW)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]
Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 1329.62 9 14774 59.47 <0.0001 significant
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X1-Catalyst 35434 1 35434 142.63 <0.0001
X2-Time 016 1 0.16 0.066 0.8020
X3-Meth.:oil 10895 1 108.95 43.85 <0.0001
X1.X2 041 1 0.41 0.16 0.6949
X1.X3 4140 1 4140 16.67 0.0022
X2.X3 19404 1 19404 7811 <0.0001
X172 21751 1 21751 8755 <0.0001
X272 237.75 1 237.75 95.70 < 0.0001
X372 299.22 1 299.22 120.45 <0.0001
Residual 24.84 10 2.48

Lack of Fit 2039 5 4.08 4.58 0.0603 not significant

Pure Error 446 5 0.89
Cor Total 1354.47 19

The Model F-value of 59.47 implies the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X3, X1.X3, X2.X3, X1"2,
X272, X372 were significant model terms. The model could therefore be reduced by
dropping insignificant terms, X2 and X1.X2. However, X2 (Time) could not be dropped
since it was part of model hierarchy. Hence X1.X2 was dropped and tested the reduced
model for ANOVA.

Reduced model: X1.X2 term was dropped from the full quadratic model. Table 5.15 gives
the ANOVA for the reduced model.

Table 5.15: ANOVA for Response Surface Quadratic (Reduced) model (MW)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 1329.22 8 166.15 7239 <0.0001 significant
X1-Catalyst 35434 1 35434 15438 <0.0001
X2-Time 016 1 0.16 0.072 0.7937
X3-Meth.:oil 108.95 1 108.95 47.47 <0.0001
X1.X3 4140 1 4140 18.04 0.0014
X2.X3 19404 1 19404 8454 <0.0001
X2 21751 1 21751 9476 <0.0001
X2n2 237.75 1 237.75 103.58 < 0.0001
X372 299.22 1 299.22 130.37 <0.0001
Residual 2525 11 2.30
Lack of Fit 20.79 6 3.47 3.89 0.0788 not significant
Pure Error 446 5 0.89
Cor Total 1354.47 19
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The Model F-value of 72.39 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X3, X1.X3, X2.X3, X1"2,
X272, X372 were significant model terms. The "Lack of Fit F-value™ of 3.89 implied there
was a 7.88% chance that a "Lack of Fit F- value" this large could occur due to noise. Lack
of fit was not very good but it was not significant, and acceptable (p > 0.05). Table 5.16
gives the R? values for the reduced model.
Table 5.16: R-Square values (MW)

Std. Dev. 1.52 R-Squared 0.9814
Mean 66.72 Adj R-Squared 0.9678
CV.% 2.27 Pred R-Squared 0.9132
PRESS 117.57 Adeq Precision 25.274

The "Pred R-Squared” of 0.9132 was in reasonable agreement with the "Adj R-Squared™ of
0.9678; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. Reduced quadratic model had a ratio of 25.274
which indicated an adequate signal. This model can be used for design purposes. Table

5.17 gives the coefficients for the reduced quadratic model.

Table 5.17: Coefficients for the Reduced Quadratic model (MW)

Coefficient Standard 95% ClI 95% ClI
Factor Estimate df Error Low High VIF
Intercept 7525 1 0.62 73.89 76.61
X1-BaO 509 1 0.41 4.19 6.00 1.00
X2-Time 011 1 0.41 -0.79 1.01 1.00
X3-Meth.:oil 282 1 0.41 1.92 3.73 1.00
X1.X3 227 1 0.54 1.10 3.45 1.00
X2.X3 492 1 0.54 3.75 6.10 1.00
X172 -388 1 0.40 -4.76 -3.01 1.02
X272 406 1 0.40 -4.94 -3.18 1.02
X372 456 1 0.40 -5.43 -3.68 1.02

Since all the terms in the reduced model were significant, no further reductions were
needed. Hence the model was:
Yield, Y =75.25+5.09 X1 + 0.11 X2 + 2.82 X3+ 2.27 X1.X3 + 4.92

X2.X3 —3.88 X1° — 4.06 X2° — 4.56 X3* ..5.3
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Reduced model was used to calculate predicted yields given in Table 5.12. Eqgn 5.3 can be
used for response surface plots.

5.3.2.3.3 Response Surface and Contour Plots
Fig 5.17, 5.18 and 5.19 give the RSM surface and contour plots based on Egn 5.3. In Fig

5.17, optimal FAME vyield corresponded to a catalyst concentration of 1 mass% and a
reaction time of 3 min. These agreed well with experimental observations.
Fig 5.18 indicated catalyst concentration of 0.5-1% and methanol to oil ratio of 9:1 for

maximum FAME yield. This agreed with experimental observations.

Time, min

Figure 5.17: RSM plot- Effect of BaO Figure 5.18: RSM plot- Effect of BaO
conc. and Time on Yield (MW) conc. and methanol:oil ratio on Yield
(MW)

Fig 5.19 identified region of maximum yield corresponding to methanol to oil ratio of 9:1,

and reaction time > 3 min. These were in agreement with experimental findings.

Methanol:oil ratio

Time, min

Figure 5.19: RSM plot- Effect of Time and methanol:oil ratio on Yield (MW)
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5.3.3 Studies with Conventional Heating- Strontium oxide catalyst

This section deals with transesterification reactions carried out with conventional heating
employing a water bath as heat source.

5.3.3.1 Effect of operation variables on FAME vyield
Operating variables studied were (i) Methanol to triglyceride molar ratio, (ii) Catalyst

concentration, and (iii) Reaction temperature. Effect of reaction time on FAME yield was

studied under reaction kinetics. Stirring speed was kept constant at 800 rpm.

5.3.3.1.1 Effect of methanol to triglyceride molar ratio on FAME yield
Methanol to oil molar ratio was varied as 6:1, 9:1, 12:1, 15:1. Batch consisted of 30 ml of

Croton megalocarpus oil (FFA = 1.7), SrO catalyst 1% by mass of oil. Reaction
temperature was 70°C (343K), and reaction time 2 h. A FAME vyield of 58.4%
corresponded to a 6:1 molar ratio. It increased to 75.2% when the ratio was increased to
9:1. The highest yield of 77.2% was obtained for a ratio of 12:1. As the methanol:oil ratio
was increased further to 15:1, no increase in yield was noted. Instead the yield dropped
slightly to 75.6%. Fig 5.20 gives the FAME vyield as a function of methanol:oil ratio.
Initially excess of methanol drives the transesterification reaction (Eqn 2.2, Chapter 2)
towards left, increasing the yield. But an excess of methanol dilutes the catalyst percentage
in the reaction system and unreacted methanol mixes with glycerol bringing about
separation problems. Also, in presence of surplus methanol glycerol forms emulsion with
FAME lowering the yield. Literatures for these observations have been sighted in Section
4.3.1.1.1, Chapter 4.

5.3.3.1.2 Effect of catalyst concentration on FAME yield
Effect of catalyst concentration on FAME yield was studied using SrO concentrations of

0.5 — 3 mass% based on oil mass. Batch consisted of 30 ml of Croton megalocarpus oil
(FFA = 1.7), methanol to oil ratio of 9:1, reaction temperature 70°C (343K), reaction time
2 h, and SrO concentrations of 0.5, 1, 1.5, 2 mass% . A SrO concentration of 0.5 mass%
gave an yield of 63%. Yield increased when concentration was raised to 1 mass%, to
75.1% of FAME. Increase in FAME yield was only 1% when catalyst concentration was
increased from 1mass% to 1.5 mass%. Further increase in catalyst concentration did not

result into any increase in yield and it remained in the range of 75-76%. Fig 5.21 gives the
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effect of catalyst concentration on FAME vyield. Patil et al. (2009) have reported about
80% yield of Camelina sativa oil to FAME in 3h at 100°C (373K), at 0.5 mass% SrO
catalyst, and 9:1 methanol to oil ratio.
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20 20
10 10
0 0
3 6 9 12 15 18 0 0.5 1 1.5 2 2.5 3 3.5
Methanol:oil molar ratio SrO, mass%
Figure 5.20: Effect of Methanol:oil Figure 5.21: Effect of SrO
ratio on Yield (WB) concentration on FAME yield (WB)

5.3.3.1.3 Effect of temperature on FAME yield
Reaction temperature is one of the most important parameters in transesterification studies.

In this study, mass transfer resistances have been eliminated by using high stirring speed,
leaving surface reaction as being a rate controlling step. Reaction temperatures were
increased in the range of 40 — 70°C (313 — 343 K). Reactions were carried out at constant
catalyst concentration of 1 mass%, methanol to oil molar ratio of 9:1, and reaction time of
2 h. Reaction temperatures were 40, 50, 60 and 70°C (313, 323, 333, 343 K) respectively.
An vyield of 52.0% was obtained at 40°C (313K), and it increased steadily as the
temperature was increased. Yields at 50, 60 and 70°C (323, 333, 343K) were 66.8, 71.1
and 75.1% of FAME respectively. Patil et al. (2009) have reported a maximum vyield at
60°C (323K) for Camelina sativa oil transesterification for SrO catalyst. Fig 5.22 gives the
effect of reaction temperature on FAME yield.

5.3.3.2 Reaction Kinetics

5.3.3.2.1 Effect of Time on FAME vyield

FAME vyield for temperatures of 40, 50, 60, 70°C (313, 323, 333, 343 K) was plotted as a
function of time as given in Fig 5.23. Yields increased with increase in temperature.
Conversions curve at 40°C (313K) show a slow start but the rates increased later to catch

up with higher temperature curves. Yields became almost constant after a time period of 2
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h for reactions at 50, 60 and 70°C (323, 333 and 334K). Final yields for temperatures of

40, 50, 60 and 70°C (313, 323, 333 and 334K) after 3 h were 58.4, 64.3, 69.3 and 73.8%
respectively.

80 80
70 W 70 % | ——— = YN
60 / 60
- 50 - 50 - et 40 degC
o 40 @ 40
] 2 —#—50 degC
> 30 > 30 - i
20 20 - 60 degC
10 10 76-degC
0 0 1 1 1 1 T |
30 40 50 60 70 80 0 30 60 90 120 150 180 210
Temperature, deg C Time, min
Figure 5.22: Effect of reaction Figure 5.23: Variation of Yield with
temperature on temperatures (WB) Time at various FAME yield (WB)

5.3.3.2.2 Order of reaction
Table 5.18 gives the coefficients of correlation, R?, for all the ten cases of reaction orders,

and for all temperatures. Indices m and n refer to the general rate equation: —ry =

d[A]

— —— = k[A]™ [B]" (Ean 2.29, Chapter 2).

Table 5.18: Coefficients of correlation, R2, for various reaction orders (WB)

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case5 Case Case Case8 Case9 Case
°C 1 2 3 4 (m=2, 6 7 (m=1, (m=3, 10
(m=1, (m=0, (m=1, n=0) (m=0, (m=2, n=2) n=0) (m=0,
n=0) n=1) n=1) n=2) n=1) n=3)

40 0.7396 0.8436 0.766 0.8676 0.9321 0.7921 0.9489 0.8924 0.9355 0.8177
50 0.6204 0.7432 0.6494 0.7687 0.8389 0.6781 0.8533 0.7934 0.8472 0.7061
60 0.6059 0.7439 0.6366 0.7711 0.8509 0.6672 0.8654 0.7966 0.8598 0.6972
70 0.5921 0.7589 0.627 0.79 0.8811 0.662 0.894 0.8179 0.8502 0.6966

Highest coefficient-of-correlation at each temperature is given in bold. Regression analysis
for the reactions at all the four temperatures suggested a third order reaction with m =2, n
= 1. Hence the overall reaction order was ‘three’, second order with respect to triglyceride

and first order with respect to methanol (Case 7 in Table 5.18). The ‘slope’ in this case is k
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[A.J? The rate equation, in terms of rate of disappearance of triglyceride, is: —r, =

_ aAl

. —k [A]? [B], where A is triglyceride and B is methanol.

5.3.3.2.3 Rate constant and Activation energy
Integrated form of rate equation in Case 7 (Table 5.18) is Eqn 2.40 (Chapter 2):

1 xA 3 ((IB - 3xA) _ 2
((ZB—3)<1—XA_CIB—3>I (1_xA)aB _k[A]Ot
L.H.S is F(xa) and RHS is a function of time t. Regression linear plot for F(xa) vs. t for

70°C (343K) is given in Fig 5.24. The ordinate is (4 - ) 2228 and abscissa

ap—3) \1-x4 ap—3 (1—-xp4)ap

ist. Reaction constant k is given by the slope of the plot (R? = 0.8940).

ooeq REaction Kinetics: Sro- WB

Ordinate: F(x), Eqn 5-33 T

4.50E-1 o

3.50E-1 -

2.50E-1 o

2.00E1 o T

1.00E-1 T

0.00E+0 (==
bloor

1.26E+2 1.43E+2 1.62E+2

Figure 5.24: Plot of kinetic equation 2.40 (WB)

Correlation constants (k [Ao]* ) for Eqn 5.33 for the four temperatures were used to

estimate reaction constant k as given in Table 5.19.

Table 5.19: Reaction constant k (WB)

Temp°C TempK [Ao]? .k [Ao] k
g/cm3 (in min)
40 313.15 0.001104  0.6663 2.49E-03
50 323.15 0.001811  0.6663 4.08E-03
60 333.15 0.002267  0.6663 5.11E-03
70 343.15 0.002749  0.6663 6.19E-03

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,

Section 2.5.4.1, Chapter 2). Fig 5.25 gives the plot.
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Arrhenius Plot: SrO- WB
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Figure 5.25: Arrhenius plot for SrO catalyst (WB)
The slope was 3200.7 ( R* = 0.9558), which gave the Activation energy, E = 26.61 kd/mol;

and intercept gave pre-exponential factor A = 73.7.

There is not much published literature on use of SrO as a transesterification catalyst. In a
transesterification study of Camelina sativa oil using SrO catalyst and conventional
heating, the reaction was of a similar order, and reaction constant was 0.0493 g mol™

min™ (reaction temperature not mentioned) (Patil et al., 2011).

5.3.3.2.4 Optimization studies- experimental results and data analysis
Table 5.20 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Table also gives
predicted yield calculated from Reduced Model given by Eqn 5.4.

Table 5.20: CCD matrix with experimental FAME vyield (WB)

Run Level of variables [actual(coded)] Expt. Reduced
Yield Model

Y (Egn 5.4)

Catalyst,% Temp, (°C) Methanol :oil Y
X1 X2 X3

1 1(0) 60(0) 9(0) 71.5 72.3
2 1(0) 43(-1.68) 9(0) 59.5 59.5
3 0.5(-1) 70(2) 12(1) 69.3 68.7
4 1(0) 60(0) 14(1.68) 74.3 73.5
5 1.84(1.68) 60(0) 9(0) 72.0 711
6 1(0) 60(0) 4(-1.68) 49.6 51.2
7 0.5(-1) 50(-1) 6(-1) 47.0 45.8
8 1(0) 60(0) 9(0) 72.9 72.3
9 1.5(1) 70(2) 12(1) 73.9 74.6
10 1.5(1) 70(1) 6(-1) 64.9 64.4
11 1(0) 60(0) 9(0) 71.3 72.3
12 1.5(1) 50(-1) 6(-1) 62.5 62.5
13 0.16(-1.68) 60(0) 9(0) 50.3 52.0

14 1(0) 60(0) 9(0) 72.1 72.3
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15 1.5(1) 50(-1) 12(1) 67.3 68.1
16 1(0) 60(0) 9(0) 73.8 72.3
17 0.5(-1) 50(-1) 12(1) 62.1 62.1
18 1(0) 77(1.68) 9(0) 65.8 66.6
19 1(0) 60(0) 9(0) 725 72.3
20 0.5(-1) 70(1) 6(-1) 49.0 47.6

Data in Table 5.20 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.21 gives the result.

Table 5.21: Summary for model fit- Sequential model sum of squares (WB)

Summary (detailed tables shown below)

Sequential Lack of Adjusted Predicted
Fit
Source p-value p-value R-Squared R-Squared
Linear 0.0004 0.0002 0.6104 0.5372
2FI 0.6034 0.0001 0.5820 0.3205
Quadratic < 0.0001 0.1322 0.9805 0.9380  Suggested
Cubic 0.1275 0.2282 0.9886 0.7784 Aliased
Sequential Model Sum of Squares [Type I]
Sum of Mean F p-value
Source Squares df Square Value Prob > F
Mean vs Total  84708.13 1 84708.13
Linear vs 1105.64 3 368.55 10.92 0.0004
Mean
2F1 vs Linear 69.37 3 23.12 0.64 0.6034
Quadratic vs 453.68 3 151.23 89.37 <0.0001  Suggested
2FI
Cubic vs 10.98 4 2.75 2.77 0.1275 Aliased
Quadratic
Residual 5.94 6 0.99
Total 86353.74 20  4317.69

Highest R? was for a Cubic model but it was aliased. Next highest R? was for a Quadratic
model. Considering the F value and p-value, Quadratic model was suggested. Cubic was
not considered being aliased. The appropriate model for the given set of data was full
Quadratic model (Eqn 4.2, Chapter 4) : Y = by + X b; X; + X" by X2 +

nod i=iv1bij Xi X; .Y is the Yield, X; are coded variables as given in Table 5.1. Table

5.22 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.22: ANOVA for Response Surface Quadratic model (WB)

ANOVA for Response Surface Quadratic model
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Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 1628.69 9 180.97 106.94 < 0.0001
X1-SrO 442.02 1 442.02 261.21 < 0.0001
X2-Temp 60.71 1 60.71 35.88 0.0001
X3-Meth:oil 60291 1 602.91 356.29 < 0.0001
X1.X2 5.000E-003 1 5.000E-003 2.955E-003 0.9577
X1.X3 58.32 1 58.32 34.46 0.0002
X2.X3 1105 1 11.05 6.53 0.0286
X1n2 209.09 1 209.09 123.56 < 0.0001
X212 15492 1 154.92 91.55 < 0.0001
X372 179.19 1 179.19 105.89 < 0.0001
Residual 16.92 10 1.69
Lack of Fit 1261 5 2.52 2.92 0.1322
Pure Error 432 5 0.86
Cor Total 1645.61 19

The Model F-value of 106.94 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X3, X2.X3, X1"2,
X272, X372 were significant model terms. The "Lack of Fit F-value" of 2.92 implied the
Lack of Fit was not significant relative to the pure error. There was a 13.22% chance that a
"Lack of Fit F-value" this large could occur due to noise. Non-significant lack of fit was
good.

Reduced Model: In the full quadratic model, the term X1.X2 was not significant and
model was simplified by dropping this interacting effect of X1 and X2. The model was
analyzed for ANOVA after dropping X1.X2 from the full quadratic expression. Table 5.23
gives the results.

Table 5.23: ANOVA for Response Surface for Reduced Quadratic model (WB)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]
Sum of Mean F  p-value

Source Squares df Square Value Prob>F

Model 1628.69 8 203.59 13230 <0.0001 significant

X1-SrO 442.02 1 442.02 287.25 <0.0001

X2-Temp 60.71 1 60.71 39.46 <0.0001

X3-Meth:oil 60291 1 60291 391.81 <0.0001

X1.X3 58.32 1 5832 37.90 <0.0001
1
1
1
1

X2.X3 11.04 11.04 7.18 0.0214
X172 209.09 209.09 135.88 <0.0001
X272 154.92 15492 100.68 < 0.0001
X372 179.19 179.19 116.45 < 0.0001
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Residual 16.93 11 1.54
Lack of Fit 1261 6 2.10 2.44 0.1736 not significant
Pure Error 432 5 0.86

Cor Total 1645.61 19

The Model F-value of 132.30 implies the model was significant. There is only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X3, X2.X3, X1"2,
X272, X372 were significant model terms. The "Lack of Fit F-value" of 2.44 implied the
Lack of Fit was not significant relative to the pure error. There was a 17.36% chance that a
"Lack of Fit F-value" this large could occur due to noise. Table 5.24 gives R-Square

values.

Table 5.24: R-Square values (WB)

Std. Dev. 1.24 R-Squared 0.9897
Mean 65.08 Adj R-Squared 0.9822
CV.% 191 Pred R-Squared 0.9519
PRESS 79.23 Adeq Precision 34.709

In Table 5.24, the "Pred R-Squared™ of 0.9519 was in reasonable agreement with the "Adj
R-Squared" of 0.9822; i.e. the difference was less than 0.2. "Adeq Precision™ measures the
signal to noise ratio. A ratio greater than 4 is desirable. Present model had a ratio of 34.709
which indicated an adequate signal. This model can be used for design purposes. Table

5.25 gives the coefficients for the reduced model.

Table 5.25: Coefficients for the Reduced Quadratic Model (WB)

Coefficient Standard  95% CI 95% ClI
Factor Estimate df Error Low High
Intercept 72.33 1 0.51 71.21 73.44
X1-SrO 5.69 1 0.34 4.95 6.43
X2-Temp 2.11 1 0.34 1.37 2.85
X3-Meth:oil 6.64 1 0.34 5.91 7.38
X1.X3 -2.70 1 0.44 -3.67 -1.73
X2.X3 1.18 1 0.44 0.21 2.14
X172 -3.81 1 0.33 -4.53 -3.09
X272 -3.28 1 0.33 -4.00 -2.56
X372 -3.53 1 0.33 -4.24 -2.81
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Since all the terms in the reduced model are significant, no further reductions were needed.

Hence the model was:

Yield, Y = 72.33 + 5.69 X1 + 2.11 X2 + 6.64 X3—2.70 X1.X3 + 1.18 X2.X3 — 3.81 X1?
—3.28 X2° - 3.53 X3? ..5.4

Reduced model was used to estimate Predicted yield given in Table 5.20. Eqn 5.4 was used

for response surface plots.

5.3.3.2.5 Response Surface and Contour Plots
Fig 5.26 is a RSM plot giving response surface and contours for FAME yield as a function

of SrO catalyst concentration and reaction temperature. The optima was close to catalyst
concentration of 1.25 -1.5 mass% and a temperature of 60 -70°C (333 -343K). These
agreed with the experimental observations.

Fig 5.27 is a RSM plot giving response surface and contours for FAME yield as a function
of SrO catalyst concentration and methanol to oil ratio. The optima was close to catalyst
concentration of 1.25 mass% and a methanol to oil ratio of 10.5:1. These agreed well with

the experimental observations.

Methanol:oil ratio . Catalyst, wt%

Figure 5.26: RSM plot- Effect of SrO Figure 5.27: RSM plot- Effect of
conc. and Temperature on Yield (WB) Catalyst conc. and Methanol:oil ratio
on Yield (WB)

Fig 5.28 is a RSM plot giving response surface and contours for FAME yield as a function

of reaction temperature and methanol to oil ratio. The optima was close to a temperature of
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70°C (343K) and a methanol to oil ratio of 11:1. These agreed well with the experimental
findings.

Methanol:oil ratio 6 40 Temp, degC

Figure 5.28: RSM plot- Effect of Methanol:oil ratio and Temperature on Yield
(WB)

5.3.4 Studies with Microwave Irradiation- Strontium oxide catalyst
This section deals with transesterification of Croton megalocarpus oil using heterogeneous

SrO catalyst with microwave irradiation. Studies include effect of operation variables on

FAME yield, transesterification reaction kinetics and optimization.

5.3.4.1 Effect of operation variables on FAME vyield

5.3.4.1.1 Effect of methanol to triglyceride molar ratio on FAME yield
Transesterification reaction (Eqn 2.2, Chapter 2) is a reversible reaction requiring 3 moles
methanol to each mole of triglyceride. In practice an excess of methanol is always
employed to drive the reaction in the forward direction to favour FAME formation.
Reactions were carried out with 1mass% of SrO catalyst for 5 min at full microwave
power. Methanol to oil ratios were 6:1, 9:1, 12:1, 15:1. Batch consisted of 25 ml of Croton
megalocarpus oil (FFA = 1.7). Fig 5.29 gives the fame yield as a function of methanol to
oil ratio.

FAME vyield increased with the increase of methanol to oil ratio from 6 to 9, and from 9 to
12. Maximum FAME vyield of 72.9% corresponded to the ratio of 12:1. Yield dropped
slightly as the methanol ratio was increased to 15:1, to 71.2%. This drop in yield beyond a
certain methanol to oil ratio has been observed in earlier such studies. Reasons given were:
dilution of catalyst at excess methanol, glycerol forming an emulsion with FAME in

presence of excess methanol reducing FAME separation, and methanol dissolving in
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glycerol bringing about separation problems (Kim et al., 2004). There is very limited
published work on use of SrO catalyst for transesterification under microwave. A
maximum FAME vyield of 98% is reported for microwave irradiated transesterification of
Camelina sativa oil at 9:1 methanol to oil ratio, 1.5 mass% SrO catalyst; and the yield

dropped as the methanol to oil ratio was increased further (Patil et al., 2010).

5.3.4.1.2 Effect of catalyst concentration on FAME yield
Fig 5.30 gives FAME yield as a function of SrO concentration. FAME yield increased with

the increase in SrO concentration. The increase was more prominent from 0.5 — 1.0 mass%
SrO, after which there was no substantive change. A maximum vyield of 68.7%
corresponding to 2 mass% SrO. Patil et al.(2010) have reported an optimum concentration
of 1.5 mass% SrO and 4 min reaction time for 98% yield of FAME from Camelina Sativa

oil using microwave irradiation.

80 80

70 | H 70 }%‘7
60 — 60

o 50 < %0 Ll

@ 40 @ 40
> 30 > 30
20 20
18 10
3 6 9 12 15 18 0

0 0.5 1 1.5 2 2.5

Methanol:oil mole ratio SrO, mass%

Figure 5.29: FAME yield as a function Figure 5.30: FAME yield as a function
of Methanol: oil ratio (MW) of SrO concentration (MW)

5.3.4.1.3 Effect of reaction time on FAME vyield

An vyield of 45.1% was obtained after 30s of reaction time. Yield increased with time
although the increase was very little after 2 min of reaction time. FAME yields at 2, 3, 4
and 5 min were 66.0, 68.1, 67.9 and 68.7% respectively. Fig 5.31 gives the effect of
reaction time on FAME yield at full microwave power and it shows that the reaction time

had little effect on yield after 2 min of reaction time.

5.3.4.1.4 Effect of microwave power
Fig 5.32 gives the effect of microwave power on FAME vyield. Yield increased with the

rise in power since microwave power is directly related to microwave irradiation. The

increase was more steep when power was increased from 40 to 80%. After a power level of
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80%, the rise in yield was small. The increase in FAME vyield from 80 to 100% of power
was from 66.3 to 68.7% .
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Figure 5.31: Effect of reaction time on

Yield

power on Yield

5.3.4.1.5 Effect of Time on FAME yield
Fig 5.33 is a plot of FAME vyield vs. reaction time at varying reaction temperatures.

Conversions at 50°C (323K) were much lower and the FAME vyield at the end of 90s was

Figure 5.32: The effect of microwave

48%. Reactions at 60°C (333K) were also slow in the beginning but increased later to give
almost the same yield as that at 70°C (343K). The final yields at the end of 90s, at 60°C
(333K) and 70°C (343K) were 65.0 and 68.3% respectively.
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Figure 5.33: Variation of Yield with time at various temperatures (MW)

5.3.4.1.6 Order of reaction
Table 5.26 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at the

three temperatures.

Table 5.26: Coefficients of correlation, R2, for various reaction orders (MW)
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o 1% Order 2" Order 3" Order
Order
OTemp Case Case Case Case Case Case 6 Case7 Case8 Case9 Case
C 1 2 3 4 5 (m=0, (m=2, (m=1, (m=3, 10
(m=1, (m=0, (m=1, (M=2, n=2) n=1) n=2) n=0) (m=0,
n=0) n=1) n=1) n=0) n=3)

50 .9083 .9542 9215 .9638 .9835 .9340 .9872 9731 9870  .9455
60 .9003 .9547 9149 .9615 .9620 .9281 .9625 9613 9240  .9395
70 .7714 8618 .7905 .8803 .9402 .8098 .9517 8977 8775  .8291

Highest correlation coefficients are in bold numbers in Table 5.26. The most likely order
of reaction was ‘three’; second order with respect to triglyceride, and first order with

respect to methanol (Case 7). The integrated form of rate equation is Eqn 2.40 (Chapter 2)

: . 1 Xa 3 (ap—3x4) _ 2 : : e
given as: @3 (l—xA aB_B) In ey k [A]5 t . The slope in this case is = k

[A%.

5.3.4.1.7 Rate constant and Activation energy
L.H.S. of Eqn 2.40,( (a;_s)( 2 ) =34 s a function of conversion Xa , F(xa), or

1-x4 ap-3 (1-x4)ap

the yield. A plot of F(xa) vs time t is a straight line passing through the origin. Regression
linear plot for F(xa) vs. t for 70°C (343K) is given in Fig 5.34. The ordinate is,

. ( S )ln @p=3*4) y and abscissa is t. Reaction constant k is given by the slope of

(ap-3) \1-x4  ap-3 (1-xa)ap

the plot (R? = 0.9517).

2004 Reaction Kinetics: SrO- MW
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Figure 5.34: Plot of kinetic equation 2.40 (MW)

Correlation constants (k [Ao]° ) for Eqn 2.40 for the three temperatures were used to

estimate reaction constant k as given in Table 5.27.
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Table 5.27: Reaction constant k (MW)

Temp,°C  Temp K [Ao)? .k [Ao] k
g/cm3 in min
50 323.15 0.00133 0.6663 1.80E-01
60 333.15 0.00275 0.6663 3.72E-01
70 343.15 0.003611 0.6663 4 .88E-01

Activation energy is obtained from the slope of the plot of Ink vs. /T (Arrhenius plot,
Section 2.5.4.1). Fig 5.35 gives the plot (R* = 0.9437).

Arrhenius Plot: SrO- MW
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Figure 5.35: Arrhenius plot for SrO (MW)

Slope of the plot was 5558.85, giving Activation energy, E = 46.22 kJ/mol; and intercept
gave pre-exponential factor A = 5.67x10°.

5.3.4.1.8 Optimization studies- experimental results and data analysis
Table 5.28 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Table also gives

the Predicted yield obtained from Reduced model given by Eqgn 5.5.

Table 5.28: CCD matrix with experimental FAME yield (MW)

Run Level of variables [actual(coded)] Experimental Reduced
Yield Model
(Egn 5.5)
Catalyst,% Time Methanol Y
(min) :oil
X1 X2 X3
1 1(0) 3(0) 9(0) 68.5 68.4

2 1(0) 0.5(-1.68) 9(0) 56.6 56.6
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0.5(-1)
1(0)
1.84(1.68)
1(0)
0.5(-1)
1(0)
1.5(1)
1.5(1)
1(0)
1.5(1)
0.16(-1.68)
1(0)
1.5(1)
1(0)
0.5(-1)
1(0)

1(0)
0.5(-1)

4.5(1) 12(1)
3(0) 14(1.68)
3(0) 9(0)
3(0) 4(-1.68)

1.5(-1) 6(-1)
3(0) 9(0)

4.5(1) 12(1)

4.5(1) 6(-1)
3(0) 9(0)

1.5(-1) 6(-1)
3(0) 9(0)
3(0) 9(0)

1.5(-1) 12(1)
3(0) 9(0)

1.5(-1) 12(1)

5.5(1.68) 9(0)
3(0) 9(0)
4.5(1) 6(-1)

56.5
61.3
66.7

511
54.3
68.3
71.4
51.8
68.1
62.2
49.0

68.0
60.9
68.9
47.1
57.1

68.3
46.1

56.9
61.0
66.7

515
54.7
68.4
71.3
52.2
68.4
61.5
49.5

68.4
61.3
68.4
47.0
57.9

68.4
45.4

Data in Table 5.28 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.29 gives the result.

Table 5.29: Summary for model fit- Sequential model sum of squares (MW)

Summary for model fit

Source
Linear
2FI

Quadratic
Cubic

Sequential Model Sum of Squares [Type I]

Source

Mean vs Total
Linear vs Mean
2F1 vs Linear
Quadratic vs
2F1

Sequential  Lack Adjusted
of Fit
p-value p- R-Squared
value
<
0.0492 0.0001 0.2627
<
0.2430 0.0001 0.3345
<0.0001 0.1020 0.9967
0.0387 0.9646 0.9987
Sum of Mean F
Squares df  Square Value
72264.24 1 72264.24
490.05 3 163.35 3.26
213.93 3 71.31 1.58
586.32 3 195.44 859.88

Predicted

R-Squared

0.0810

-0.1625
0.9874
0.9994

p-value
Prob > F

0.0492
0.2430

<0.0001

Suggested
Aliased

Suggested
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Cubic vs 1.76 4 044 512 0.0387 Aliased
Quadratic
Residual 0.52 6 0.086

Total  73556.82 20 3677.84

Cubic had the highest R? (0.9994), followed by R? for Quadratic model (0.9874).
However, cubic was not suitable because of being aliased. Considering the F and p-values,
a Quadratic model was suggested. The appropriate model for the given set of data was full
Quadratic model (Eqn 4.2, Chapter 4) :

Y = by + XiLyby Xi + X by XP 4+ XY i bij X X;
Y is the FAME yield, X; are coded variables as given in Table 5.2.
Table 5.30 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.30: ANOVA for Response Surface Quadratic model (MW)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Pure Error 0.52
Cor Total 129258 1

0.10

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 1290.31 9  143.37 630.77 < 0.0001 significant
X1-SrO 380.30 1 380.30 1673.21 < 0.0001
X2-Time 0.34 1 0.34 1.48 0.2522
weh 10941 1 10941 48136  <0.0001
Methanol:oil
X1.X2 0.15 1 0.15 0.67 0.4336
X1.X3 28.50 1 28.50 125.40 < 0.0001
X2.X3 185.28 1 185.28 815.17 < 0.0001
X112 198.39 1 198.39 872.86 < 0.0001
X2"2 238.00 1 238.00 1047.12 < 0.0001
X372 265.68 1 265.68  1168.89 < 0.0001
Residual 227 10 0.23
S 176 5 035 3.41 01020 . .. Mot
significant
5
9

The Model F-value of 630.77 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X3, X1.X3, X2.X3, X1"2,
X272, X372 were significant model terms. X3 and X1.X2 were not significant because p-

values were > 0.1000.
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Reduced model: Model was simplified by dropping non-significant terms which were X1
and X1.X2. However X1 could not be dropped since it was part of model hierarchy.
Hence X1.X2 being the cross coefficient of SrO concentration and Time was dropped from
the full quadratic model. Table 5.31 gives the ANOVA for the reduced model.

Table 5.31: ANOVA for Response Surface Quadratic (Reduced) model (MW)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Residual 242 1
Lack of Fit 1.91
Pure Error 0.52

Cor Total 129258 1

0.22
0.32 3.09 0.1182 not significant
0.10

Sum of Mean F p-value

Source Squares df Square Value Prob > F
Model 1290.15 8 161.27 731.79 <0.0001 significant
X1-SrO 380.30 1 380.30 1725.69 < 0.0001
X2-Time 0.34 1 0.34 1.52 0.2429
X3-
Methanol-oil 109.41 1 10941 496.46 < 0.0001
X1.X3 28.50 1 28.50 129.33 < 0.0001
X2.X3 185.28 1 185.28 840.74 < 0.0001
X1n2 198.39 1 198.39 900.24 < 0.0001
X212 238.00 1 238.00 1079.96 < 0.0001
X312 265.68 1  265.68  1205.55 < 0.0001

1

6

5

9

The Model F-value of 731.79 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X3, X1.X3, X2.X3, X1"2,
X272, X3"2 were significant model terms. The "Lack of Fit F-value™ of 3.09 implied the
Lack of Fit was not significant. There was a 11.82% chance that a "Lack of Fit F- value"

this large could occur due to noise. Table 5.32 gives the R? values for the reduced model.

Table 5.32: R-Square values

Std. Dev. 0.47 R-Squared 0.9981
Mean 60.11 Adj R-Squared 0.9968
CV.% 0.78 Pred R-Squared 0.9920
PRESS 10.34 Adeq Precision 82.052

The "Pred R-Squared” of 0.9920 was in reasonable agreement with the "Adj R-Squared™ of
0.9968; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise

ratio. A ratio greater than 4 is desirable. This model’s ratio of 82.052 indicated an adequate
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signal. This model can be used for design purposes. Table 5.33 gives the coefficients for
the reduced quadratic model.
Table 5.33: Coefficients for the Reduced Quadratic model

Coefficient Standard 95% ClI 95% CI

Factor Estimate df Error Low High
Intercept 6835 1 0.19 67.93 68.77
X1-SrO 528 1 0.13 5.00 5.56
X2-Time 016 1 0.13 -0.12 0.44
X3-

Methanol-oil 283 1 0.13 2.55 3.11
X1.X3 189 1 0.17 1.52 2.25
X2.X3 481 1 0.17 4.45 5.18
X172 371 1 0.12 -3.98 -3.44
X272 406 1 0.12 -4.34 -3.79
X372 429 1 0.12 -4.56 -4.02

Since all the terms in the reduced model were significant, no further reductions were
needed. Hence the model was:
Yield, Y = 68.35 + 5.28 X1 + 0.16 X2 + 2.83 X3+ 1.89 X1.X3 + 4.81 X2.X3 —3.71 X1°

— 4.06 X2° — 4.29 X3? .55
Reduced model was used to compute Predicted yield as given in Table 5.28. In the

following section, Egn 5.5 was used for response surface plots.

5.3.4.1.9 Response Surface and Contour Plots
Fig 5.36, 5.37 and 5.38 give the RSM surface and contour plots based on Egn 5.5.

In Fig 5.36, FAME vyield increased with increasing SrO concentration and did not change
much with time after an initial period of 1.5 min. Contour plot suggested optimal FAME
yield corresponding to a catalyst concentration of >1.25 mass% and a reaction time of 3
min. In Eqgn 5.5, coefficient for time (X2) is 0.16 (insignificant) which accounts for weak
affect of ‘time’ variable. These agreed well with experimental observations.

Fig 5.37 is a RSM plot for effect of SrO concentration and methanol to oil ratio on FAME
yield. Contour plot indicated catalyst concentration of >1.25% and methanol to oil ratio of

10.5:1 for the maximum FAME vyield. This agreed with experimental observations.
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Figure 5.36: RSM plot- Effect of SrO
conc. and Time on Yield (MW)
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Figure 5.37: RSM plot- Effect of SrO
conc and Methanol:oil ratio on Yield
(MW)

findings.

Contour plot in Fig 5.38 identified region of maximum yield corresponding to methanol to
oil ratio of 10.5:1, and reaction time > 3 min. These were in agreement with experimental

Methanol:oil ratio

Time, min

Figure 5.38: RSM plot- Effect of Time and Methanol:oil ratio on Yield (MW)
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5.3.5 Studies with conventional heating- Nano calcium oxide, Re-oxidized calcium
oxide and Calcium oxide catalysts

This section deals with transesterification studies carried out with conventional heating
employing a water bath as a heat source.

5.3.5.1 Effect of operation variables on FAME vyield
Effect of reaction operating variables on FAME vyield are presented in this section. Results

are presented in form of figures containing yield data for all the three catalysts. This would
help in getting a feel of relative activities of the three catalysts. Operating variables studied
were (i) Methanol to triglyceride molar ratio, (ii) Catalyst concentration, and (iii) Reaction

temperature. Effect of reaction time on FAME yield was studied under reaction kinetics.

5.3.5.1.1 Effect of Methanol to triglyceride mole ratio on FAME yield
Methanol to oil molar ratio was varied as 6:1, 9:1, 12:1, 15:1. Batch consisted of 30 ml of

Croton megalocarpus oil (FFA = 1.7), catalyst 1% by mass of oil. Reaction temperature
was 70°C (343K), and reaction time 2 h. Fig 5.39 gives the FAME yield for Nano CaO,
Ca0 RO and CaO as a function methanol to oil molar ratio.

Nano CaO showed the highest activity followed by CaO RO and CaO. Highest yield
corresponded to a methanol to oil ratio of 9:1 for all the three catalysts. The highest yields
obtained for Nano CaO, CaO RO and CaO were 73.2, 41.5 and 31.5% respectively. The
yield decreased at methanol ratios higher than 9:1. At very high methanol ratios, glycerol
dissolves in excessive methanol and subsequently inhibits the forward reaction (Viriya-
empikul et al., 2010). Other explanation for reducing yield is that catalyst concentration
decreases with excess methanol (Liu et al., 2008; Bambase et al., 2007). Excess methanol
affects the interphase area between alcohol and oil due to their immiscibility leading to a
drop in yield (Babak et al., 2013). There is no reported study for the use of these catalysts
for Croton megalocarpus oil. Hsiao et al. (2011) obtained a 96.9% FAME yield with Nano
CaO on soybean oil at 7:1 methanol to oil ratio, at 65°C (338K). Extreme variations in
yield have been reported for CaO catalyst transesterification. It ranges from ‘no
conversion’ (Reddy et al., 2006) to 99% conversion (Kouze et al., 2008). Table 2.3

(Chapter 2) gives an extensive account of various reported studies. Variations in
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pretreatment of CaO is one major reason for yield inconsistencies. Calcination under inert
atmosphere gives a far higher activity compared to incineration under atmospheric
conditions. CaO RO was a new catalyst tested and it gave a better performance as
compared to CaO.

5.3.5.1.2 Effect of catalyst concentration on FAME vyield
Effect of catalyst concentration on FAME vyield was studied using catalyst concentrations

of 0.5 — 3 mass% based on oil mass. Batch consisted of 30 ml of Croton megalocarpus oil
(FFA = 1.7), methanol to oil ratio of 9:1, reaction temperature 70°C (343K), reaction time
2 h, and catalyst concentrations varied as 0.5, 1, 1.5, 2, 3 mass%. Fig 5.40 gives the effect
of Nano Ca0O, CaO RO and CaO concentrations on FAME yield. For Nano CaO and CaO,
maximum vyields of 74.9 and 32.6% respectively were obtained at 1.5 mass%. For CaO RO
the maximum yield of 43% was at 2 mass% catalyst, which was slightly above the yield of
42.8% obtained at 1.5 mass%. For all the three catalyst samples, yield declined at higher
catalyst ratios of 2.5 and 3 mass%. This decline in yield was more noticeable for Nano
CaO0 and CaO (about 5%), but was negligible for CaO-RO (1.5%). Higher concentrations
of calcium catalysts lead to calcium soap formation resulting into lowering of yield (Hsiao
etal., 2011).

80 80 I |
SRS " ]
60 B 60
50 - 50
% 40 - @ 40  —
= > % ul
30 +
20 O/ tano-€
20 { Nano-€a0
@ -Nano CaQ
10 Ca0-RO 10 Ca0-RO
0 =8=-Ca0 0 ca0
3 6 9 12 15 18 0 0.5 1 1.5 2 2.5 3 3.5
Methanol:oil ratio Catalyst, mass%
Figure 5.39: Effect of Meth. :oil ratio Figure 5.40: Effect of Catalyst conc. on
on Yield(WB) Yield

5.3.5.1.3 Effect of Temperature on FAME yield
Fig 5.41 gives the effect of reaction temperature on FAME vyield. Mass transfer resistances

have been eliminated by using high stirring speed, leaving surface reaction as being a rate



154

controlling step. Reactions were carried out at constant catalyst concentration of 1 mass%,
methanol to oil molar ratio of 9:1, and reaction time of 2 h. Reaction temperatures were 40,
50, 60 and 70°C (313, 323, 333, 343 K) respectively.

FAME vyield increased with temperature for Nano CaO, CaO-RO and CaO catalysts.
Increase in rate was more noticeable when temperatures were increased from 40 to 50, and
from 50 to 60°C (313 to 323, and 323 to 333K). After 60°C (333K) the yield increased
marginally. For Nano CaO, CaO RO and CaO, the yields at 60°C (333K) were 69.8, 39.0
and 30.8%; and at 70°C (343K) were 73.2; 41.5; and 31.5% respectively. Nano CaO was
found to be the most effective catalyst followed by CaO RO and CaO.

5.3.5.2 Reaction Kinetics
Results for Nano CaO, CaO RO and CaO are presented separately in the following

sections.

5.3.5.2.1 Nano Calcium oxide

535.21.1  Effect of Time on FAME yield

Fig 5.42 is a plot of FAME vyields for Nano CaO catalyst at temperatures of 40, 50, 60,
70°C (313, 323, 333, 343 K) for a time period of 3h. Yields increased with reaction
temperature and with time. At 40°C (313K) the initial reaction rates were far lower when
compared to 50, 60 and 70°C (323, 333 and 343 K) as shown by the slopes at the origin for
the conversion curves. The final yields at the end of 3h for the temperatures of 40, 50, 60,
70°C (313, 323, 333, 343 K) were 52.4, 68.0, 71.8 and 74.5% respectively. At 70°C (343K)
the yield became almost constant after 2h, increasing only by 1%, from 73.2 to 74.5%.
Similar trend was noted at 60°C (333K) as well. At lower temperatures of 40 and 50°C
(313 and 323K) corresponding increase in yield was 4 — 7%.
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CaO (WB)

5.35.21.2 Order of reaction

Kinetic data (Fig 5.42) were fitted into integrated forms of reaction rate equations to get
the reaction order. Equations 2.34 — 2.43 (Chapter 2) are the integrated form of rate
equations covering overall reaction orders from ‘zero’ to ‘three’. L.H.S. of these equations
are functions of conversion or Yield, F(xa); and the R.H.S. is function of reaction time, t.
These equations are in the form of y = mx (passing through origin). For all the ten cases,
F(xa) is correlated with time t, and the coefficient-of-determination obtained for a linear
regression passing through the origin. This was done for temperatures of 40, 50, 60 and
70°C (313, 323, 333 and 334K). Equation with the highest correlation coefficient (R?), at a
given temperature was taken to be representing the most likely reaction order. Table 5.34
gives the coefficients of correlation, R?, for all the ten cases of reaction orders, and for all

temperatures. Indices m and n refer to the general rate equation: —r, = — % =

k [A]™ [B]™ (Eqgn 2.29, Chapter 2), where A is triglyceride and B is methanol.

Table 5.34: Coefficients of correlation, R2, for various reaction orders for Nano CaO

(WB)
o™ 1% Order 2" Order 3" Order
Order
Temp Case Case Case Cased4d Case Case Case Case8 Case9 Case
°C 1 2 3 (m=1, 5 6 7 (m=1, (m=3, 10

(m=1, (m=0, n=1) (m=2, (m=0, (m=2, n=2) n=0) (m=0,
n=0) n=1) n=0) n=2) n=1) n=3)
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40
50
60
70

0.901
0.6929
0.5915

0.955
0.8201
0.734

0.5434 0.6906

0.9166
0.7225
0.6214
0.5727

0.9658

0.8464
0.7633

0.7196

0.9884
0.9248
0.8647
0.8261

0.931

0.7517
0.6515
0.6024

0.9924
0.9413
0.8857
0.8465

0.9762
0.8718
0.7911
0.7463

0.9915
0.919

0.8489
0.8144

0.9444
0.7801
0.6814
0.632

In Table 5.34, Case 7 had the highest R? values for all the four temperatures (in bold). This

corresponded to an overall third order reaction, second order with respect to triglyceride

and first order with respect to methanol. The ‘slope’ in this case is = k [Ao]® The rate

equation, in terms of rate of disappearance of triglyceride, was: —r, = —

k [A]* [B].

5.3.5.2.1.3 Rate constant and Activation energy

d[A]

dt

Integrated form of rate of reaction in Case 7 (Table 5.34) is Egn 2.40 (Chapter 2):

1
(ag —3)

X4 3

( _ )n(aB_3xA)_
1—xA aB_3

(1 —xx)ap

k [A]G t

L.H.S is F(xa) or F(yield) and RHS is a function of time t. Regression linear plot for F(xa)
vs. t for 70°C (343K) for Nano CaO is given in Fig 5.43. The ordinate is

1 (XA 3 )
(ap—=3) \1-x4 ap-3

the plot (R? = 0.8465).

(1-xa)ap

00E-1 Reaction Kinetics: Nano CaO - WB

.

Ordinate: F(x). Eqn 5-32 -

00F+0 1.80E+1 5.40E+1 7.20E+1 9.00F+1 1.086+2 1.26F+2  1.AaE2

Figure 5.43: Plot of kinetic equation 2.40 for Nano CaO (WB)

1.626+2

.......

In&8=34) “and abscissa is t. Reaction constant k is given by the slope of

Correlation constants (k [Ao]? ) for Eqn 2.40 for the four temperatures were used to

estimate reaction constant k ( cm® mol min™) as given in Table 5.35.

Table 5.35: Reaction rate constant k for Nano CaO (WB)

Temp°C TempK [Ao]* .k [Ao] k
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g/cm3 (in min)
40 313.15 0.0008  0.6663 1.80E-03
50 323.15 0.001762  0.6663 3.97E-03
60 333.15 0.002367  0.6663 5.33E-03
70 343.15 0.002511  0.6663 5.65E-03

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1, Chapter 2). Fig 5.44 gives the plot.

0 Arrhenius Plot: Nano CaO- WB

0.0029 0.003 0.0031 0.0032 0.0033
-2

In k
S

. h

/T

Figure 5.44: Arrhenius plot for Nano CaO catalyst (WB)
The slope was 4047.84 ( R? = 0.8550), which gave the Activation energy, E = 33.65

kJ/mol, and intercept gave pre-exponential factor, A = 880.

5.3.5.2.2 Re-oxidized Calcium oxide

5.35.22.1  Effect of Time on FAME yield

Fig 5.45 gives FAME yield for CaO RO catalyst at temperatures of 40, 50, 60, 70°C (313,
323, 333, 343 K) for a time period of 3h. Yields increased with reaction temperature and
with time. Yields became almost constant after 2h for temperatures of 40, 60 and 70°C
(313, 333, 343 K). Final yields after 3h at 40, 50, 60, 70°C (313, 323, 333, 343 K) were
25.5, 34.6, 40.8 and 41.8% of FAME. The yields at 60, 70°C (333, 343 K) were very close.
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Figure 5.45: Variation of Yield with time at various temperatures for CaO-RO
(WB)

5.3.5.2.2.2 Order of reaction
Kinetics data in Fig 5.45 were fitted into integrated forms of reaction rate equations to get
the reaction order as given earlier in Section 5.3.5.2.1.2. Table 5.36 gives the coefficients

of correlation, R?, for all the ten cases of reaction orders.

Table 5.36: Coefficients of correlation, R?, for various reaction orders for CaO-RO

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Cased4d Case Case Case Case8 Case9 Case
°C 1 2 3 (m=1, 5 6 7 (m=1, (m=3, 10
(m=1, (m=0, n=1) (m=2, (m=0, (Mm=2, n=2) n=0) (m=0,
n=0) n=1) n=0) n=2) n=1) n=3)

40 0.7977 0.8273 0.8068 0.8358 0.8548 0.8157 0.8626 0.8461 0.8799 0.8245
50 0.7765 0.8267 0.7912 0.8406 0.8736 0.8058 0.8862 0.8571 0.9152 0.8201
60 0.6816 0.743 0.6987 0.7597 0.8023 0.7156 0.8177 0.7789 0.8562 0.7325
70 0.6338 0.6941 0.6503 0.7103 0.7526 0.6667 0.7676 0.7289 0.806  0.6831

In Table 5.36, Case 7 has the highest R? values for all the four temperatures (in bold). This
corresponds to an overall third order reaction, second order with respect to triglyceride and
first order with respect to methanol. The ‘slope’ in this case is = k [A,]*

5.3.5.2.2.3 Rate constant and Activation energy
Integrated form of rate reaction in Case 7 (Table 5.36) is Eqn 2.40 (Chapter 2):

1 X, 3 (ag — 3xA)_ ,
(a3—3)<1—xA_aB 3>l (1—xA)aB_k[A]°t

L.H.S is F(xa) or F(yield) and RHS is a function of time t. Regression linear plot for F(xa)

vs. t for 70°C (343K) for CaO RO is given in Fig 5.46. The ordinate is — ("A -

(ap—3) \1-x4
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(ep-3%4) ‘and abscissa is t. Reaction constant k is given by the slope of the plot (R?

(1-xa)ap
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= 0.7676).
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Figure 5.46: Plot of kinetic equation 2.40 for CaO RO (WB)

Correlation constants (k [Ao]? ) for Eqn 2.40 for the four temperatures were used to

estimate reaction rate constant k (cm® mol® min™) as given in Table 5.37.

Table 5.37: Reaction rate constant for CaO RO (WB)

Temp°C TempK [Ao)? .k [Ao] k
g/cm3 (in min)
40 313.15 0.000291 0.6663 6.56E-04
50 323.15 0.000429 0.6663 9.67E-04
60 333.15 0.000631 0.6663 1.42E-03
70 343.15 0.000707 0.6663 1.59E-03

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1, Chapter 2). Fig 5.47 gives the plot.
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Figure 5.47: Arrhenius plot for CaO-RO catalyst (WB)
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The slope was 3289.87 ( R? = 0.9636), which gave the Activation energy, E = 27.35

kJ/mol, and intercept gave pre-exponential factor, A = 25.

5.3.5.2.3 Calcium oxide

5.35.23.1  Effect of Time on FAME yield
Fig 5.48 gives FAME vyield for CaO catalyst at temperatures of 40, 50, 60, 70°C (313, 323,

333, 343 K) for a time period of 3h. Yields increased with reaction temperature and with
time. Yields were poor at temperature of 40°C (313K). There were little variations in yield
after 2h for temperatures of 40, 60 and 70°C (313, 333, 343 K). Final yields after 3h at 40,
50, 60, 70°C (313, 323, 333, 343 K) were 17.3, 24.6, 29.2 and 31.8% of FAME. Figure
shows that the yields at 60, 70°C (333, 343 K) were close.

60 degC

i 70 degC

0 30 60 90 120 150 180 210
Time, min

Figure 5.48: Variation of Yield with time at various temperatures for CaO (WB)

5.3.5.2.3.2  Order of reaction
Kinetics data for Fig 5.48 were fitted into integrated forms of reaction rate equations to get
the reaction order as given earlier in Section 9.3.1.2.1.2. Table 5.38 gives the coefficients

of correlation, R?, for all the ten cases of reaction orders.

Table 5.38: Coefficients of correlation, R?, for various reaction orders for CaO (WB)

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Cased4d Case Case Case Case8 Case9 Case
°C 1 2 3 (m=1, 5 6 7 (m=1, (m=3, 10
(m=1, (m=0, n=1) (m=2, (m=0, (m=2, n=2) n=0) (m=0,
n=0) n=1) n=0) n=2) n=1) n=3)

40 0.8185 0.8403 0.8254 0.8569 0.8611 0.8322 0.8673 0.8552 0.8605 0.839
50 0.8375 0.8686 0.847 0.8777 0.8978 0.8565 0.9061 0.8888 0.9041 0.8659
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60 0.7005 0.7378 0.7117 0.7478 0.7727 0.7227 0.7823 0.761 0.7739 0.7336
70 0.6962 0.741 0.7093 0.7537 0.7841 0.7223 0.796 0.7689 0.724 0.7352

In Table 5.38, Case 7 had the highest R? values at all the four temperatures (in bold). This
corresponded to an overall third order reaction, second order with respect to triglyceride

and first order with respect to methanol. The ‘slope’ in this case is = k [Ao]°.

5.3.5.2.3.3  Rate constant and Activation energy
Integrated form of reaction rate in Case 7 (Table 5.38) is Egn 2.40 (Chapter 2):

1 X 3 ag — 3x,
< A >ln(B A)=k[A]§t
(ag=3)\1-x, ap—3 (1 —xx)ap

L.H.S is F(xa) or F(yield) and RHS is a function of time t. Regression linear plot for F(xa)
vs. t for 70°C (343K) for CaO is given in Fig 5.49. The ordinate is

. ( S )ln @s=3*1) “and abscissa is t. Reaction constant k is given by the slope of

(ap—-3) \1-x4  ap-3 (1-xa)ap

the plot (R? = 0.7960).
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Figure 5.49: Plot of kinetic equation 2.40 for CaO (WB)

Correlation constants (k [Ao]* ) for Eqn 2.40 for the four temperatures were used to

estimate reaction rate constant k (cm® mol min™) as given in Table 5.39.

Table 5.39: Reaction rate constant for CaO (WB)

Temp°C TempK [Ao]? .k [Ao] k
g/cm3 (in min)
40 313.15 0.000175 0.6663 3.94E-04
50 323.15 0.000247 0.6663 5.57E-04
60 333.15 0.000394 0.6663 8.87E-04

70 343.15 0.000436 0.6663 9.83E-04

0.00E=0 1.80E+1 3.60E+1 5.40E+1 7.20E+1 9.00E+1 1.08E+2 1.26E+2 1.44E+2 1.62E+2 1.80E+2
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Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1, Chapter 2). Fig 5.50 gives the plot.

4 Arrhenius Plot: CaO- WB
0.0029 0.003 0.0031 0.0032 0.0033

i —

1/T

Figure 5.50: Arrhenius plot for CaO catalyst (WB)

The slope was 3457.33 ( R? = 0.9592), which gave the Activation energy, E = 28.74
kJ/mol, intercept gave pre-exponential factor, A = 25.3.

Literature on transesterification kinetics of CaO catalysts is limited. Singh and Fernando
(2007) reported a first order reaction with respect to methanol with k = 0.0046 min™ at
high pressure and high temperature (215°C, 488K) for soybean oil. Patil et al. (2011) also
report a first order reaction with respect to methanol and k = 0.0006 min™ for Camelina
sativa oil at 100°C (373K).

5.3.5.2.3.4  Optimization studies- Experimental results and data analysis
Table 5.40 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Table also gives

Predicted yield as per Quadratic model given by Eqgn 5.6.

Table 5.40: CCD matrix with experimental FAME yield for Nano CaO (WB)

Run Level of variables [actual(coded)] Expt. Quadratic
Yield Model
Y (Eqn 5.6)
Catalyst,% Temp, (°C) Methanol :oil Y
X1 X2 X3
1 1(0) 60(0) 9(0) 69.3 69.8
2 1(0) 43(-1.68) 9(0) 54.1 53.8
3 0.5(-1) 70(2) 12(1) 65.3 66.3
4 1(0) 60(0) 14(1.68) 66.2 65.4
5 1.84(1.68) 60(0) 9(0) 70.1 70.0
6 1(0) 60(0) 4(-1.68) 58.9 59.6
7 0.5(-1) 50(-1) 6(-1) 52.5 53.1




163

8 1(0)
9 1.5(1)
10 1.5(1)
11 1(0)
12 1.5(1)
13 0.16(-1.68)
14 1(0)
15 1.5(1)
16 1(0)
17 0.5(-1)
18 1(0)
19 1(0)
20 0.5(-1)

60(0)
70(1)
70(1)
60(0)
50(-1)
60(0)
60(0)
50(-1)
60(0)
50(-1)

77(1.68)

60(0)
70(1)

9(0)
12(1)
6(-1)
9(0)
6(-1)
9(0)
9(0)
12(1)
9(0)
12(1)
9(0)
9(0)
6(-1)

70.0
73.5
70.5
69.7
61.5
58.1
69.1
57.9
70.2
58.1
69.5
70.5
59.2

69.8
73.0
70.9
69.8
60.6
58.1
69.8
59.1
69.8
57.8
69.7
69.8
58.0

Data in Table 5.40 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.41 gives the result.

Table 5.41: Summary for model fit- Sequential model sum of squares for Nano CaO

(WB)

Summary (detailed tables shown below)

Source
Linear
2F1
Quadratic
Cubic

Source

Mean vs Total
Linear vs Mean
2F1 vs Linear
Quadratic vs
2F1

Cubic vs
Quadratic
Residual

Sequential Lack of
Fit
p-value p-value
0.0006 < 0.0001
0.5558 < 0.0001
< 0.0001 0.0555
0.0188 0.7948
Sequential Model Sum of Squares [Type I]
Sum of
Squares df
83747.68 1
515.80 3
39.52 3
228.42 3
6.87 4
1.46 6
84539.76 20

Total

Adjusted Predicted
R-Squared R-Squared
0.5858 0.5002
0.5631 0.2003
0.9800 0.9221  Suggested
0.9942 0.9914 Aliased
Mean F p-value
Square Value Prob > F
83747.68
171.93 9.96 0.0006
13.17 0.72 0.5558
76.14 91.43 <0.0001 Suggested
1.72 7.05 0.0188 Aliased
0.24
4226.99

Highest R? is for a Cubic model but it was aliased. Next highest R? was for a Quadratic

model. Considering the F value and p-value, Quadratic model was suggested. Cubic was

not considered being aliased. The appropriate model for the given set of data was full
Quadratic model (Eqn 4.2, Chapter 4) :

n—-1ym

Y = by + XiLib; Xi+ Xty by X7+ XIZ]

j=i+1 bij Xi X;

4.2
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Y is the Yield, X; are coded variables as given in Table 5.1. Table 5.42 gives Analysis of
Variance (ANOVA) for a full quadratic model.

Table 5.42: ANOVA for Response Surface Quadratic model for Nano CaO (WB)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares  df Square Value Prob > F
Model 783.75 9 87.08  104.57 <0.0001 significant
R vano 17241 1 17211 20667  <0.0001
X2-Temp 303.68 1 303.68  364.66 < 0.0001
X3-Meth:oil 40.02 1 40.02 48.05 < 0.0001
X1.X2 14.31 1 14.31 17.18 0.0020
X1.X3 18.91 1 18.91 22.71 0.0008
X2.X3 6.30 1 6.30 7.57 0.0205
X1n2 59.53 1 59.53 71.49 < 0.0001
X212 116.70 1 116.70  140.13 < 0.0001
X312 95.96 1 9596  115.23 < 0.0001
Residual 833 10 0.83
Lack of Fit 6.89 5 1.38 4.78 0.0555 not significant
Pure Error 1.44 5 0.29
Cor Total 792.08 19

The Model F-value of 104.57 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X2, X1.X3,
X2.X3, X112, X272, X3"2 were significant model terms. The "Lack of Fit F-value" of
4.78 implied there was a 5.55% chance that a "Lack of Fit F-. value" this large could occur
due to noise. Lack of fit was not very good but since p-value > 0.05, it was insignificant
and acceptable. Table 5.43 gives R-Square values.

Table 5.43: R-Square values for Nano CaO (WB)

Std. Dev. 0.91 R-Squared 0.9895
Mean 64.71 Adj R-Squared 0.9800
CV.% 1.41 Pred R-Squared 0.9221
PRESS 61.70 Adeq Precision 30.922

The "Pred R-Squared" of 0.9221 was in reasonable agreement with the "Adj R-Squared" of
0.9800; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise

ratio. A ratio greater than 4 is desirable. Ratio of 30.922 in the present model indicated an
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adequate signal. This model can be used for design purposes. Table 5.44 gives the

coefficients for the reduced model.

Table 5.44: Coefficients for the Quadratic Model for Nano CaO (WB)

Coefficient Standard 95% CI 95% CI
Factor Estimate Error Low High

Q.
=

Intercept 69.80 1 0.37 68.97 70.63
X1-Nano CaO 355 1 0.25 3.00 4.10
X2-Temp 472 1 0.25 4.17 5.27
X3-Meth:oil 171 1 0.25 1.16 2.26
X1.X2 134 1 0.32 0.62 2.06
X1.X3 -154 1 0.32 -2.26 -0.82
X2.X3 089 1 0.32 0.17 1.61
X1n2 203 1 0.24 -2.57 -1.50
X212 -285 1 0.24 -3.38 -2.31
X312 -258 1 0.24 -3.12 -2.04

Since all the terms in the model were significant, no reductions were needed. Hence the

model was: Yield, Y =69.80 + 3.55 X1 +4.72 X2 + 1.71 X3+ 1.34 X1.X2 -1.54 X1.X3
+0.89 X2.X3 —2.03 X1 — 2.85 X2? — 2.58 X3° ..5.6

Quadratic model was used to calculate Predicted yield given in Table 5.40. Eqn 5.6 can be

used for response surface plots.

5.3.5.2.3.5 Response Surface and Contour Plots
Equation 5.6 adequately represented the FAME vyield for transesterification of Croton

megalocarpus oil using Nano CaO catalyst, as a function of the three process variables.
This full quadratic model has been used for RSM surface and contour plots to identify
areas for optimal yield. Fig 5.51 is plot for FAME vyield as functions of Nano CaO
concentration (X1) and Temperature (X2). The plot goes to show that for optimum vyield,
Nano CaO = 1.5% and Temperature > 80°C (353K).

Fig 5.52 identified the area for optimal FAME yield as the one where Nano CaO was 1.25

—1.5%, and methanol to oil molar ratio was 9:1.
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=
S

Methanol:oil ratio 6 05

Catalyst, mass%

Figure 5.51: RSM plot- Effect of Nano Figure 5.52: RSM plot- Effect of Nano
CaO conc. and Temp on Yield (WB) CaO conc. and Meth:oil ratio on Yield
(WB)

Fig 5.53 identified the area of optimal FAME yield where temperature was 70 — 80°C (343
-353K) and methanol to oil ratio was between 9:1 and 10.5:1.

Methanol:oil ratio 6 4

Temp, degC

Figure 5.53: RSM plot- Effect of Temp and Meth:oil ratio on Yield for Nano CaO
(WB)

The plots were in quantitative agreement with experimental observations. Experiments
showed that a high temperature, high catalyst concentration and methanol:oil ratio of about

9:1 led to optimum yield.
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Optimization studies- experimental results and data analysis- CaO RO
Table 5.45 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Table also gives

Predicted yield as per Reduced quadratic model (Egn 5.7).

Table 5.45: CCD matrix with experimental FAME yield for CaO RO (WB)

Run

OCo~NoO ol WwWwN -

Level of variables [actual(coded)]

Catalyst,%
X1

1(0)
1(0)
0.5(-1)
1(0)
1.84(1.68)
1(0)
0.5(-1)
1(0)
1.5(1)
1.5(1)
1(0)
1.5(1)
0.16(-1.68)
1(0)
1.5(1)
1(0)
0.5(-1)
1(0)
1(0)
0.5(-1)

Temp, (°C)
X2
60(0)
43(-1.68)
70(1)
60(0)
60(0)
60(0)
50(-1)
60(0)
70(1)
70(1)
60(0)
50(-1)
60(0)
60(0)
50(-1)
60(0)
50(-1)
77(1.68)
60(0)
70(1)

Methanol :oil
X3
9(0)
9(0)
12(1)
14(1.68)
9(0)
4(-1.68)
6(-1)
9(0)
12(1)
6(-1)
9(0)
6(-1)
9(0)
9(0)
12(1)
9(0)
12(1)
9(0)
9(0)
6(-1)

Expt.
Yield
Y

40.5
29.1
36.5
38.9
41.0
32.0
24.2
40.8
41.9
38.9
40.8
32.9
29.9
40.4
38.1
39.9
31.5
39.9
40.9
34.9

Reduced
Model

(Eqn 5.

Y

40.6
29.1
36.7
39.0
40.8
32.0
24.6
40.6
41.6
39.4
40.6
32.5
30.1
40.6
38.7
40.6
30.8
39.9
40.6
34.5

7)

Data in Table 5.45 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.46 gives the result.

Table 5.46: Summary for model fit- Sequential model sum of squares for CaO RO

Lack of
Fit
p-value
< 0.0001
< 0.0001
0.1717

(WB)
Summary (detailed tables shown below)

Sequential
Source p-value
Linear 0.0002
2FI| 0.7592
Quadratic <0.0001
Cubic 0.0780

0.7979

Adjusted

R-Squared
0.6408
0.5947
0.9905
0.9954

Predicted

R-Squared

0.5805
0.2886
0.9660
0.9933

Suggested
Aliased
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Sequential Model Sum of Squares [Type 1]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Mean vs Total 26864.45 1 26864.45
Linear vs Mean 337.65 3 11255 12.30 0.0002
2F1 vs Linear 12.21 3 4.07 0.39 0.7592
Q”adrat";l‘:’f 131.82 3 43.94 182.17 <0.0001  Suggested
Cubic vs 171 4 043 363 00780  Aliased
Quadratic
Residual 0.71 6 0.12
Total 27348.54 20 1367.43

Highest R® was for a Cubic model but it was aliased. Next highest R? was for a Quadratic
model. Considering the F value and p-value, Quadratic model was suggested. Cubic was
not considered being aliased. The appropriate model for the given set of data was full
Quadratic model (Eqn 4.2, Chapter 4) :

Y = by + XLyby Xi + XL by X4+ XY i b X X;

Y is the Yield, X; are coded variables as given in Table 5.1. Table 5.47 gives Analysis of
Variance (ANOVA) for a full quadratic model.

Table 5.47: ANOVA for Response Surface Quadratic model for CaO-RO (WB)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 481.68 9 53.562 221.89 <0.0001 significant
X1-CaO-RO 137.72 1 137.72 570.96 < 0.0001
X2-Temp 139.60 1 139.60 578.77 < 0.0001
X3-Meth:oil 60.33 1 60.33 250.13 < 0.0001
X1.X2 4.35 1 4.35 18.04 0.0017
X1.X3 0.061 1 0.061 0.25 0.6252
X2.X3 7.80 1 7.80 32.34 0.0002
X112 46.23 1 46.23 191.68 < 0.0001
X212 65.20 1 65.20 270.30 < 0.0001
X372 46.23 1 46.23 191.68 < 0.0001
Residual 241 10 0.24
Lack of Fit 1.72 5 0.34 247 0.1717  not significant
Pure Error 0.69 5 0.14
Cor Total 484.09 19
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The Model F-value of 221.89 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X2, X2.X3, X1"2,
X272, X3"2 were significant model terms. The "Lack of Fit F-value" of 2.47 implied the
Lack of Fit was not significant relative to the pure error. There was a 17.17% chance that a
"Lack of Fit F-value" this large could occur due to noise. Non-significant lack of fit was
good. Since X1.X3 was not significant, it was dropped from the full quadratic model to
simplify the model.

Reduced Model: X1.X3 was dropped from the model and ANOVA performed to test
the reduced model. Table 5.48 gives ANOVA for the reduced model.

Table 5.48: ANOVA for Response Surface Reduced Quadratic model for CaO-RO
(WB)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 481.62 8 60.20 267.75 <0.0001 significant
X1-CaO-RO 137.72 1 137.72 612.51 < 0.0001
X2-Temp 139.60 1 139.60 620.88 < 0.0001
X3-Meth:oil 60.33 1 60.33 268.33 < 0.0001
X1.X2 4.35 1 4.35 19.35 0.0011
X2.X3 7.80 1 7.80 34.70 0.0001
X112 46.23 1 46.23 205.63 < 0.0001
X2n2 65.20 1 65.20 289.97 < 0.0001
X312 46.23 1 46.23 205.63 < 0.0001
Residual 247 11 0.22
Lack of Fit 1.78 6 0.30 2.13 0.2118 not significant
Pure Error 0.69 5 0.14
Cor Total 484.09 19

The Model F-value of 267.75 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X3, X1.X2, X2.X3,
X172, X272, X372 were significant model terms. The "Lack of Fit F-value" of 2.13
implied the Lack of Fit was not significant relative to the pure error. There was a 21.18%
chance that a "Lack of Fit F-value™ this large could occur due to noise. Non-significant
lack of fit was good. Table 5.49 gives the R-square terms for the reduced model.
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Table 5.49: R-square for Reduced Quadratic Model for CaO RO (WB)

Std. Dev. 0.47 R-Squared 0.9949
Mean 36.65 Adj R-Squared 0.9912
CV.% 1.29 Pred R-Squared 0.9798
PRESS 9.76 Adeq Precision 53.282

The "Pred R-Squared” of 0.9798 was in reasonable agreement with the "Adj R-Squared™ of
0.9912; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. This model’s ratio of 53.282 indicated an
adequate signal. This model can be used for design purposes. Table 5.50 gives the

coefficients for the reduced model.

Table 5.50: Coefficients for the Reduced Quadratic Model for CaO RO (WB)

Coefficient Standard 95% CI 95% CI
Factor Estimate df Error Low High VIF
Intercept 4055 1 0.19 40.12 40.97
X1-CaO-RO 318 1 0.13 2.89 3.46 1.00
X2-Temp 320 1 0.13 291 3.48 1.00
X3-Meth:oil 210 1 0.13 1.82 2.38 1.00
X1.X2 -0.74 1 0.17 -1.11 -0.37 1.00
X2.X3 099 1 0.17 -1.36 -0.62 1.00
X172 -1.79 1 0.12 -2.07 -152 1.02
X272 213 1 0.12 -2.40 -1.85 1.02
X372 -1.79 1 0.12 -2.07 -1.52 1.02

Since all the terms in the reduced model were significant, no further reductions were

needed. Hence the model was:

Yield, Y = 40.55 + 3.18 X1 + 3.20 X2 + 2.10 X3— 0.74 X1.X2 — 0.99 X2.X3 — 1.79 X1°
—2.13 X2* ~1.79 X3? ..5.7

Reduced quadratic model was used to compute Predicted yield given in Table 5.45. In the

following section Eqn 5.7 was used for response surface plots.

5.3.5.2.3.7  Response Surface and Contour Plots for CaO RO
Eqgn 5.7 was used for RSM surface and contour plots. Fig 5.54 is a RSM surface and

contour plot for FAME vyield as function of CaO-RO concentration and Temperature.
Optima was at CaO-RO > 1.5% and Temperature 70- 80°C (343 — 353K). Yield increased
with increasing CaO-RO concentration and reaction temperature. This general trend was

noted in experimental results.
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Fig 5.55 is a RSM surface and contour plot for FAME yield as function of CaO-RO
concentration and methanol to oil ratio. Optima was at CaO-RO = 1.5% and methanol to

oil ratio 10.5 — 12. This agreed with experimental observations.

I 6 40 05
Methanol:ail ratio 05 Catalyst, mass% Temp, degC Catalyst, mass%

Figure 5.54: RSM plot- Effect of CaO Figure 5.55: RSM plot- Effect of CaO
RO conc. and Temperature on Yield RO and Methanol:oil ratio on Yield
(WB) (WB)

Fig 5.56 is a RSM surface and contour plot for FAME vyield as function of Temperature
and methanol to oil ratio. Optima was at a temperature > 70°C (343K) and methanol to oil
ratio 10.5. Yield increased as temperature was increased from 40 to 70°C (313 to 343K),
and when methanol to oil ratio was increased from 6:1 to 11:1 during experimental studies.
Hence the RSM plot concurred with the experimental findings.

Methanol:oil ratio Temp, degC

Figure 5.56: RSM plot- Effect of Temp. and Methanol:oil ratio on Yield for CaO-RO
(WB)
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Optimization studies- experimental results and data analysis for CaO
Table 5.51 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Table also gives

Predicted yields as per the Quadratic model (Eqn 5.8).
Table 5.51: CCD matrix with experimental FAME yield for CaO (WB)

Run Level of variables [actual(coded)] Expt. Quadratic
Yield Model
(Eqn 5.8)
Catalyst,% Temp, (°C) Methanol :oil Y
X1 X2 X3

1 1(0) 60(0) 9(0) 31.8 31.3
2 1(0) 43(-1.68) 9(0) 18.5 18.6
3 0.5(-1) 70(2) 12(1) 22.9 22.7
4 1(0) 60(0) 14(1.68) 27.0 27.2
5 1.84(1.68) 60(0) 9(0) 30.5 29.3
6 1(0) 60(0) 4(-1.68) 25.2 24.2
7 0.5(-1) 50(-1) 6(-1) 24.2 24.3
8 1(0) 60(0) 9(0) 31.9 31.3
9 1.5(1) 70(1) 12(1) 32.4 32.7
10 1.5(1) 70(2) 6(-1) 29.6 30.8
11 1(0) 60(0) 9(0) 31.3 31.3
12 1.5(1) 50(-1) 6(-1) 15.2 15.6
13 0.16(-1.68) 60(0) 9(0) 27.8 28.3
14 1(0) 60(0) 9(0) 31.0 31.3
15 1.5(1) 50(-1) 12(1) 24.8 25.1
16 1(0) 60(0) 9(0) 31.2 31.3
17 0.5(-1) 50(-1) 12(1) 26.8 26.0
18 1(0) 77(1.68) 9(0) 29.5 28.7
19 1(0) 60(0) 9(0) 30.6 31.3
20 0.5(-1) 70(2) 6(-1) 28.7 28.8

Data in Table 5.51 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.52 gives the result.

Table 5.52: Summary for model fit- Sequential model sum of squares for CaO

(WB)

Summary (detailed tables shown below)

Source
Linear
2F1
Quadratic
Cubic

Sequential

p-value
0.0837
0.0574

< 0.0001
0.0920

Lack of
Fit
p-value
<0.0001
< 0.0001
0.0555
0.1026

Adjusted

R-Squared
0.2073
0.4414
0.9677
0.9833

Predicted

R-Squared
-0.0847
-0.0413

0.8879
0.4805

Suggested
Aliased
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Sequential Model Sum of Squares [Type 1]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Mean vs Total 15174.54 1 15174.54
Linear vs Mean 135.77 3 45.26 2.66 0.0837
2F1 vs Linear 116.55 3 3885 3.24 0.0574
Q“adra“‘;l‘:’f 149.15 3 4972 7167 <0.0001 Suggested
Cubic vs 4.78 4 120 333 00920  Aliased
Quadratic
Residual 2.15 6 0.36
Total 15582.95 20 779.15

Highest R* Adjusted was for a Cubic model but it was aliased. However its Predicted R-
Square was low. Highest acceptable R-Square was for a Quadratic model. Considering the
F value and p-value, Quadratic model was suggested. Cubic was not considered being
aliased. The appropriate model for the given set of data was full Quadratic model (Eqgn 4.2,
Chapter4):Y = by + X b; X; + X7ty by X7 + X121 X741 bij X; X, Y is the Yield,
Xi are coded variables as given in Table 5.1. Table 5.53 gives Analysis of Variance
(ANOVA) for a full quadratic model.

Table 5.53: ANOVA for Response Surface Quadratic model for CaO (WB)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 40147 9 44.61 64.31 <0.0001 significant
X1-CaO 114 1 1.14 1.64 0.2293
X2-Temp 12369 1 12369 17831 <0.0001
X3-Meth:oil 1095 1 10.95 15.78 0.0026
X1.X2 57.25 1 57.25 82.52 < 0.0001
X1.X3 3042 1 3042  43.85 <0.0001
X2.X3 2888 1 28.88 41.63 <0.0001
X112 11.04 1 11.04 15.92 0.0026
X212 10476 1 10476 151.02 <0.0001
X372 55.01 1 55.01 79.30 < 0.0001
Residual 6.94 10 0.69
Lack of Fit 574 5 1.15 4.78 0.0555  not significant
Pure Error 120 5 0.24
Cor Total 408.41 19

The Model F-value of 64.31 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X2, X3, X1.X2, X1.X3, X2.X3,
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X172, X272, X372 were significant model terms. The "Lack of Fit F-value" of 4.78
implied there was a 5.55% chance that a "Lack of Fit F- value™ this large could occur due
to noise. Lack of fit was not very good but it was not significant, and hence acceptable.
Term X1 (CaO concentration) was not significant but it could not be dropped since it was
part of model hierarchy. Also it was noted that the cross coefficients of X1, i.e., X1.X1 and
X1.X3 were significant. Hence X1 was retained and full quadratic model used. Table 5.54
gives the R-Square terms for the model.
Table 5.54: R-Square values for CaO (WB)

Std. Dev. 0.83 R-Squared 0.9830
Mean 27.55 Adj R-Squared 0.9677
CV.% 3.02 Pred R-Squared 0.8879
PRESS 45.76 Adeq Precision 28.966

The "Pred R-Squared” of 0.8879 was in reasonable agreement with the "Adj R-Squared™ of
0.9677; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. Present ratio of 28.966 indicated an adequate
signal. This model can be used for design purposes. Table 5.55 gives the coefficients for
the reduced model.

Table 5.55: Coefficients for the Full Quadratic Model- CaO (WB)

Coefficient Standard 95% ClI 95% CI
Factor Estimate Error Low High

o
=

Intercept 3132 1 0.34 30.56 32.07
X1-CaO 029 1 0.23 -0.21 0.79
X2-Temp 301 1 0.23 251 3.51
X3-Meth:oil 090 1 0.23 0.39 1.40
X1.X2 268 1 0.29 2.02 3.33
X1.X3 195 1 0.29 1.29 2.61
X2.X3 -1.90 1 0.29 -2.56 -1.24
X172 -088 1 0.22 -1.36 -0.39
X272 270 1 0.22 -3.18 -2.21
X372 -1.95 1 0.22 -2.44 -1.46

Since all the terms in the model were significant, no reductions were needed. Hence the
model was:
Yield, Y =31.32 + 0.29 X1 + 3.01 X2 + 0.90 X3+ 2.68 X1.X2 + 1.95 X1.X3- 1.90 X2.X3

—0.88 X12-2.70 X2% —1.95 X3? .58
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Full quadratic model was used to compute Predicted yields given in Table 5.51. Eqn 5.8

was used for response surface plots.

5.3.5.2.3.9 Response Surface and Contour Plots
Quadratic model Eqn 5.8 was used to plot RSM surface and contour plots. Fig 5.57 is a

RSM surface and contour plot for Yield as a function of CaO catalyst and Temperature.
Optima for FAME vyield was at CaO > 1.5% and Temperature 70 — 80°C (343 -353K). This
was the general trend observed in lab studies.

Fig 5.58 is a RSM surface and contour plot showing effect of Methanol to oil ratio and
CaO concentration on FAME Yield. Maxima was at CaO = 1.5% and Methanol to oil >

10.5. These observations agreed with experimental results.

40

30

Methanol:oil ratio 6 05 Catalyst, mass%

Figure 5.57: RSM plot- Effect of Figure 5.58: RSM plot- Effect of
Temperature and CaO concentration Methanol:oil ratio and CaO conc. on
on Yield (WB) Yield (WB)

Fig 5.59 is a RSM surface and contour plot showing effect of Temperature and Methanol
to oil ratio on FAME vyield. For maximum vyield, temperature and methanol to oil ratio
were suggested to be at 70°C (343K) and 9:1 respectively. These agreed with experimental

results.
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Figure 5.59: RSM plot- Effect of Temperature and Meth:oil ratio on Yield for CaO
(WB)

5.3.6 Studies with Microwave Irradiation- Nano calcium oxide, Roxidized calcium
oxide and Calcium oxide catalysts

This section deals with transesterification studies carried out with microwave irradiation.

5.3.6.1 Effect of operation variables on FAME vyield
This section presents effects of operation variables of (i) Methanol to triglyceride molar

ratio, (ii) Catalyst concentration, (iii) Reaction time, and (iv) Microwave power. Effect of
reaction temperature on FAME vyield is presented under Reaction kinetics. Results are
presented in form of figures containing yield data for all the three catalysts, Nano CaO,
Ca0-RO and CaO.

5.3.6.1.1 Effect of methanol to triglyceride molar ratio
Methanol to oil molar ratio was varied as 6:1, 9:1, 12:1, 15:1. Batch consisted of 30 ml of

Croton megalocarpus oil (FFA =1.7), catalyst 1% by mass of oil. Reaction time was 5 min
at full microwave power. Fig 5.60 gives the FAME yield for Nano CaO, CaO-RO and CaO
as a function methanol to oil molar ratio. Stoichiometric requirement of methanol for
transesterification is 3 mole to one mole of triglyceride, but methanol is used in excess to
drive the reaction in forward direction. Yields for all the three catalysts increased when
methanol ratio was increased from 6:1 to 9:1, and it remained more or less constant when
the ratio was further increased to 12:1 and 15:1, with a slight decline at 15:1 ratio. Yields
for Nano CaO, CaO-RO and CaO at 12:1 ratio were 58.3, 24.3 and 19.5%; whereas the



177

yields at 15:1 ratio were 57.3, 23.1 and 18.6%. The explanations for this decline in yield at

large excess of methanol have already been given in earlier sections.

5.3.6.1.2 Effect of catalyst concentration on FAME vyield
Fig 5.61 gives the effect of catalyst concentrations on FAME vyield. Concentration of Nano

CaO was varied from 0.5 — 3 mass% whereas concentrations of CaO-RO and CaO changed

from 0.5 — 2 mass%. Batch consisted of 30 ml of Croton megalocarpus oil (FFA = 1.7),

9:1 methanol to oil ratio, reaction time of 5 min at full microwave power. Yields increased

with increase in catalyst concentration from 0.5 to 1 mass%. When catalyst concentration

was increased further from 1 to 1.5%: the yield for Nano CaO increased from 61.5 to
62.1%, the yield for CaO-RO increased from 23.6 to 24.5%, and yield for CaO increased

from 18.6 to 19.8%. This showed that there was little effect of increased catalyst

concentration on yield for concentrations above 1 mass%. Highest yield for Nano CaO was
62.7% at 3 mass% , for CaO-RO 24.6% at 1.5 mass%, and for CaO 19.8% at 1.5 mass%.

80
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60 Ca0
50 Ca0-RO
K]
@ 40
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6 9 12 15
Methanol: Oil molar ratio

Figure 5.60: Effect of Meth. :oil ratio
on Yield (MW)

70
60
50

5.3.6.1.3 Effect of reaction time on FAME yield
Fig 5.62 gives the effect of reaction time on FAME yield. Transesterification was carried

T 40
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Catalyst, mass%
Figure 5.61: Effect of Catalyst

concentration on FAME yield (MW)

out with 1 mass% catalyst, 9:1 methanol to oil molar ratio at full microwave power. For

Nano CaO vyield steadily increased with time and the final yield at the end of 5 min was

58.3%. For CaO-RO and CaO0, yields stabilized, with little increase, after 2 min of reaction

time. The increase in yields for CaO-RO and CaO from a time of 2 min to 5 min were:

19.5 to 23.6; and 15.2 to 18.6%. Reaction rates were very high in the beginning and they

stabilized as the time proceeded. Literature on microwave irradiated transesterification
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using calcium oxide catalysts is very limited. Hsiao et al. (2011) used nanopowder CaO for
soybean microwave transesterification and obtained a 96.6% yield at 7:1 methanol to oil
ratio, 3 mass% catalyst at 65°C (338K) in 1 h. Khemthong et al. (2012) used industrial
eggshell waste (99.2 wt% CaO) as a catalyst for palm oil transesterification and 96.7%
yield of FAME was obtained in 4 min, 15% catalyst, 18:1 methanol:oil ratio under
microwave. Patil et al. (2011) found activity of CaO very poor under microwave

irradiation for transesterification of Camelina sativa oil.

5.3.6.1.4 Effect of microwave power
Fig 5.63 gives the effect of microwave power on yield. Microwave reactor had built in

power settings of 20, 40, 60, 80, 100%. Reactions were carried out at microwave power of
40, 60, 80 and 100%, at methanol to oil ratio of 9:1, 1 mass% of catalyst, and a reaction
time of 5 min. Yields for Nano CaO, CaO RO and CaO catalysts increased with power.
The increase in yield was more pronounced when power increased from 40 to 80%.
Between 80 - 100% power, yields were almost constant. Yields for Nano CaO, CaO RO
and CaO at 80% power were 56.8, 22.8, 17.88%; and at 100% power were 58.3, 23.6 and
18.6% respectively.

70 70
l Nano CaO J

60 X 60
| === Ca07 RO
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] 2
£ 30 ] cac > 30

20 +—— D 20 Vi
10 '—/ 10
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0 1 2 3 4 5 6 20 40 60 80 100
Time, min Microwave Power, %
Figure 5.62: Effect of Reaction Time Figure 5.63: Effect of Microwave
on Yield (MW) power on Yield

5.3.6.2 Reaction Kinetics
Transesterification reactions were carried out at constant temperatures of 50, 60 and 70°C

(323, 333, 343K). Other variables were kept constant at methanol to oil ratio 9:1, catalyst
concentration 1 mass%, and full power. Samples were drawn at 30, 45, 60 and 90s. Studies

with Nano Ca0, CaO RO and CaO are presently in the following sections.

5.3.6.2.1 Nano Calcium oxide
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5.3.6.2.1.1 Effect of Time on FAME yield
Fig 5.64 gives the FAME yield for Nano CaO catalyst at 50, 60 and 70°C (323, 333,

343K). Yield increased with the rise in reaction temperature. The reaction rate was higher
in early stages of reaction as shown by the steeper slopes of the curves at the origin. The
final yields for at 50, 60 and 70°C (323, 333, 343K) were 39.7, 52.9 and 55.0% of FAME

respectively.
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Figure 5.64: Variation of Yield with time for Nano CaO (MW)

5.3.6.2.1.2 Order of reaction
Kinetic data for Fig 5.64 were used to find the best fit into integrated form of Eqn 2.29
(Chapter 2) which is given as -r, = — % =k [A]™ [B]", where A is triglyceride and B is
methanol. These equations (Egns 2.34- 2.43, Chapter 2) cover reaction orders ranging from
‘zero’ to ‘three’. Highest correlation coefficient (R?) at each temperature was identified as
outlined in Section 5.3.5.2.1.2, which corresponded to the most likely rate equation. Table
5.56 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at the three

temperatures.

Table 5.56: Coefficients of correlation, R?, for various reaction orders for Nano

CaO (MW)
o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case Case Case7 Case8 Case9 Case
°C 1 2 3 4 5 6 (m=2, (m=1, (M=3, 10
(m=1, (m=0, (m=1, (M=2, (mMm=0, n=1) n=2) n=0) (m=0,
n=0) n=1) n=1) n=0) n=2) n=3)

50 09509 0.98 0.9601 0.9859 0.9959 0.9684 0.9973 0.9914 0.9942 0.98
60 0.8882 0.9469 0.9041 0.9594 0.9876 0.9194 0.9932 0.9716 0.9927 0.9434
70 0.8256 0.8843 0.849 0.8969 0.9277 0.8557 0.9444 0.9093 0.9439 0.870
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Highest correlation coefficients are in bold numbers in Table 5.56. The most likely order
of reaction was ‘three’ . Second order with respect to triglyceride, and first order with

respect to methanol (Case 7). The integrated form of rate equation is Eqn 2.40 (Chapter 2)

: . 1 Xxa 3 (ap—3x4) _ 2 ; : P
given as: @3 (1—xA a3—3) In Ay k [A]5 t . The slope in this case is = k

[A%.

5.3.6.2.1.3 Rate constant and Activation energy
L.H.S. of Eqn 2.40, ((a;_s)( 2 ) p =24 s g function of conversion Xa, F(xa), or

1-x4 ag—3 (1-x4)ap

the yield. A plot of F(xa) vs time t is a straight line passing through the origin. Regression
linear plot for F(xa) vs. t for 70°C (343K) is given in Fig 5.65.The ordinate is,

. ( S )ln @s-3*4) y and abscissa is t. Reaction constant k is given by the slope of

(ap—-3) \1-x4  ap-3 (1-xa)ap

the plot (R? = 0.9444).

a.00e 2 R€AcCUion Kinetics: Nano Cao - MwW

Ordinare: F(x). Eqn 5-33 /_,/-""'
2 -
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LTI 9.00E+0 1.80E+1 2.70E+1 3.60E+1 4.50E-1  5.40E+1  6.30E+1  7.20E<1  B.0E<1  9.00E+1
nnnnn

Figure 5.65: Plot of kinetic equation 2.40 for Nano CaO (MW)

Correlation constants (k [Ao]° ) for Eqn 2.40 for the three temperatures were used to

estimate reaction constant k as given in Table 5.57.

Table 5.57: Reaction constant k for Nano CaO (MW)

Temp,°C  TempK [Ao)? .k [Ao] k
g/cm3 in min
50 323.15 0.000898 0.6663 1.21E-01
60 333.15 0.001632 0.6663 2.21E-01
70 343.15 0.00198 0.6663 2.68E-01

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1). Fig 5.66 gives the plot (R = 0.9294).
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Figure 5.66: Arrhenius plot for Nano CaO (MW)

Slope of the plot was 4404.5, giving Activation energy, E = 36.62 kJ/mol, and intercept
gave the pre-exponential factor, A = 1790.

5.3.6.2.2 Re-oxidized Calcium oxide

5.3.6.2.2.1  Effect of Time on FAME vyield
Fig 5.67 is a plot of FAME vyield with time at temperatures of 50, 60 and 70°C (323, 333,

343 K) for CaO RO catalyst. Yield increased with increasing temperature and time.
Highest yields at the end of 90s for temperatures of 50, 60 and 70°C (323, 333, 343 K)
were 11.5, 17.3 and 19.3% respectively.
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Figure 5.67: Variation of yield with time for CaO-RO (MW)

5.3.6.2.2.2 Order of reaction
Table 5.58 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at the

three temperatures.

Table 5.58: Coefficients of correlation, R2, for various reaction orders for CaO RO
(MW)
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o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case5 Case Case7 Case Case9 Case
°C 1 2 3 4 (m=2, 6 (m=2, 8 (m=3, 10
(m=1, (m=0, (m=1, n=0) (m=0, n=1) (m=1, n=0) (m=0,
n=0) n=1) n=1) n=2) n=2) n=3)

50 9079 09183 0.9113 0.9215 0.92825 0.9146 0.9314 0.9256 0.9278 0.9178
60 0.9713 0.9729 0.9719 0.9732 0.9734 0.9724 0.9735 0.9734 0.9731 0.9728
70 0.9089 0.9196 0.9124 0.9228 0.9297 0.9157 0.9327 0.9269 0.9315 0.919

Highest correlation coefficients are in bold numbers in Table 5.58. The most likely order
of reaction was ‘three’; second order with respect to triglyceride, and first order with

respect to methanol (Case 7). The integrated form of rate equation is Eqn 2.40 (Chapter 2)

given as: a3 )ln (@5=3%a) _ 1 [A]2 t . The slope in this case is = k [Ad]>

(ap—3) (1—xA agp—3 (1-xp4)ap

5.3.6.2.2.3 Rate constant and Activation energy
L.H.S. of Eqn 2.40, ((a;_s)( 2 ) =224 s g function of conversion Xa, F(xa), or

1-x4 apg-3 (1-x4)ap

the yield. A plot of F(xa) vs time t is a straight line passing through the origin. Regression
linear plot for F(xa) vs. t for 70°C (343K) is given in Fig 5.68. The ordinate is,

. ( S )ln @s=3*4) y and abscissa is t. Reaction constant k is given by the slope of

(ap—-3) \1-x4 ap-3 (1-xa)ap

the plot (R? = 0.9327).
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Figure 5.68: Plot of kinetic equation 2.40 for CaO RO (MW)

Correlation constants (k [A.]° ) for Eqn 2.40 for the three temperatures were used to

estimate reaction constant k as given in Table 5.59.

Table 5.59: Reaction constant k for CaO RO (MW)

Temp,°C  TempK [Ao]* .k [Ao] k
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g/cm3 in min
50 323.15 0.000186 0.6663 2.51E-02
60 333.15 0.000187 0.6663 2.52E-02
70 343.15 0.000291 0.6663 3.93E-02

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1). Fig 5.69 gives the plot (R* = 0.7442).
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Figure 5.69; Arrhenius plot for CaO-RO (MW)

Slope of the plot was 1589.41, giving Activation energy, E = 20.49 kJ/mol; and intercept

gave pre-exponential factor A = 47.8.

5.3.6.2.3 Calcium oxide

5.3.6.2.3.1  Effect of Time on FAME yield

Transesterification reactions were carried out at constant temperatures of 50, 60 and 70°C
(323, 333, 343K) using CaO catalyst. Other variables were kept constant at methanol to oil
ratio 9:1, CaO concentration 1 mass%, and full power. Samples were drawn at 30, 45, 60
and 90s. Fig 5.70 is a plot of FAME vyield vs. reaction time at varying reaction
temperatures. Yields in general were low. At 50°C (323K), the yield at the end of 90s was
4.5%, which rose to 12.3% and 14.3% for 60 and 70°C (333 and 343K) respectively.
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Figure 5.70: Variation of Yield with Time for CaO (MW)

5.3.6.2.3.2  Order of reaction
Table 5.60 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at the

three temperatures.

Table 5.60: Coefficients of correlation, R2, for various reaction orders for CaO
(MW)

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case5 Case Case7 Case Case9 Case
°Cc 1 2 3 4 (m=2, 6 (m=2, 8 (m=3, 10
(m=1, (m=0, (m=1, n=0) (m=0, n=1) (m=1, n=0) (m=0,
n=0) n=1) n=1) n=2) n=2) n=3)

50 0.97 09681 0.9694 0.9674 0966 0.9688 0.9652 0.9665 0.9636 0.9682
60 0.9713 0.9729 0.9719 0.9732 0.9734 0.9724 09735 0.9734 0.9731 0.9728
70 0.909 0.9196 09124 0.9228 0.9297 0.9157 0.9327 0.9269 0.932 0.919

Highest correlation coefficients are in bold numbers in Table 5.60. The suggested order at
50°C (323K) was a ‘zero order’, whereas it was a ‘third’ order at 60 and 70°C (333 and
343K). A zero order transesterification was not supported by other studies in this work,
and by published literature. The most likely order of reaction is ‘three’; second order with
respect to triglyceride, and first order with respect to methanol (Case 7). The integrated
form of rate equation is Eqn 2.40 (Chapter 2) given as:

1 Xa 3 (ap—3x4) _ 2 . . . 2
@3 (1_xA aB—3) In rman k [A]5 t . The slope in this case is = k [Ao]".
5.3.6.2.3.3  Rate constant and Activation energy

L.H.S. of Eqn 2.40,( 1_3)( a3 )ln @p=3%4) y j5 g function of conversion xa , F(xa), or

1-x4 ag—3 (1-x4)ap

the yield. A plot of F(xa) vs time t is a straight line passing through the origin. Regression
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linear plot for F(xa) vs. t for 70°C (343K) is given in Fig 5.71.The ordinate is,

. ( Z )ln @s=3*4)y and abscissa is t. Reaction constant k is given by the slope of

(ap—3) \1-x4  ap-3 (1-xa)ap

the plot (R? = 0.9327).
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Figure 5.71: Plot of kinetic equation 2.40 for CaO (MW)

Correlation constants (k [Ao]° ) for Eqn 2.40 for the three temperatures were used to

estimate reaction constant k as given in Table 5.61.

Table 5.61: Reaction constant k for CaO (MW)

Temp,°C  TempK [Ao)? .k [Ao] k
g/cm3 in min
50 323.15 5.54E-05 0.6663 7.49E-03
60 333.15 0.000187 0.6663 2.52E-02
70 343.15 0.000248 0.6663 3.35E-02

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1). Fig 5.72 gives the plot (R = 0.8969).

Arrhenius Plot: CaO- MW
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Figure 5.72: Arrhenius plot for CaO (MW)
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Slope of the plot was 8456.66, giving Activation energy, E = 70.3 klJ/mol; and intercept

gave pre-exponential factor A = 2.44x10’.

5.3.6.3 Optimization studies

5.3.6.3.1 Nano CaO- experimental results and data analysis
Table 5.62 gives the details of a set of 20 experiments in terms of actual and coded levels,
as per CCD, and the FAME vyields obtained in transesterification studies. Last column of

the Table gives Predicted yield obtained from the Reduced quadratic model (Eqn 5.9).

Table 5.62: CCD matrix with experimental FAME yield for Nano CaO (MW)

Run Level of variables [actual(coded)] Experimental Reduced
Yield Model
(Egn 5.9)
Catalyst,% Time (min)  Methanol :oil Y
X1 X2 X3

1 1(0) 3(0) 9(0) 52.1 52.0
2 1(0) 0.5(-1.68) 9(0) 43.8 44.0
3 0.5(-1) 4.5(1) 12(1) 52.7 53.2
4 1(0) 3(0) 14(1.68) 54.7 54.7
5 1.84(1.68) 3(0) 9(0) 56.3 57.1
6 1(0) 3(0) 4(-1.68) 48.9 49.3
7 0.5(-1) 1.5(-1) 6(-1) 43.0 43.1
8 1(0) 3(0) 9(0) 52.9 52.0
9 1.5(1) 4.5(1) 12(1) 59.7 59.3
10 1.5(1) 4.5(1) 6(-1) 55.4 56.1
11 1(0) 3(0) 9(0) 52.5 52.0
12 1.5(1) 1.5(-1) 6(-1) 494 49.2
13 0.16(-1.68) 3(0) 9(0) 45.3 46.9
14 1(0) 3(0) 9(0) 52.0 52.0
15 1.5(1) 1.5(-1) 12(1) 52.6 52.4
16 1(0) 3(0) 9(0) 52.4 52.0
17 0.5(-1) 1.5(-1) 12(1) 46.7 46.3
18 1(0) 5.5(1.68) 9(0) 55.1 55.5
19 1(0) 3(0) 9(0) 515 52.0
20 0.5(-1) 4.5(1) 6(-1) 51.8 50.0
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Data in Table 5.62 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.63 gives the result.

Table 5.63: Summary for model fit- Sequential model sum of squares for Nano CaO

(MW)
Summary (detailed tables shown below)
Sequential Lack of Fit  Adjusted
Source p-value p-value R-Squared
Linear < 0.0001 0.0247 0.9360
2FI 0.7117 0.0168 0.9289
Quadratic 0.0141 0.0743 0.9665
Cubic 0.4026 0.0292 0.9689
Sequential Model Sum of Squares [Type 1]
Sum of Mean
Source Squares df Square
Mean vs Total 52916.33 1 52916.33
Linear vs Mean 321.57 3 107.19
2F1 vs Linear 1.77 3 0.59
Quadratic vs 2FI 10.54 3 3.51
Cubic vs 2.65 4 0.66
Quadratic
Residual 3.34 6 0.56
Total 53256.20 20 2662.81

Predicted
R-Squared
0.9118
0.8821
0.8789  Suggested
-0.4057 Aliased
F  p-value
Value Prob>F
93.67 <0.0001
0.46 0.7117
5.86 0.0141  Suggested
1.19 0.4026 Aliased

Cubic model was out of consideration, being aliased. Quadratic model had highest

Adjusted R? and hence was suggested. Table 5.64 gives the analysis of variance (ANOVA)

for a full quadratic model.

Table 5.64: ANOVA for Full Quadratic Model for Nano CaO (MW)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Sum of

Source Squares
Model 333.88
X1-Nano CaO 125.50
X2-Time 161.09
X3-Methanol:oil 34.97
X1.X2 0.36
X1.X3 1.05
X2.X3 0.36
X1N2 1.57
X212 9.40
X3N2 7.779E-003
Residual 5.99
Lack of Fit 481

Pure Error 1.18

o
=

H
UIORRPRRPRPRREPRPRRERO

Mean
Square
37.10
125.50
161.09
34.97
0.36
1.05
0.36
1.57
9.40
7.779E-003
0.60
0.96
0.24

F
Value
61.90
209.40
268.79
58.35
0.60
1.75
0.60
2.62
15.68
0.013

4.08

p-value
Prob > F
<0.0001
< 0.0001
< 0.0001
< 0.0001
0.4555
0.2148
0.4555
0.1364
0.0027
0.9116

0.0743

significant

not significant
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Cor Total 339.87 19

The Model F-value of 61.90 implies the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X3, X272 were
significant model terms. The insignificant terms X1.X2, X1.X3, X2.X3, X172 and X3"2
were dropped to simplify the model. The reduced model was tested for ANOVA once
again.

ANOVA for Reduced Model
Table 5.65 gives ANOVA for the reduced model.

Table 5.65: ANOVA for Reduced Quadratic Model for Nano CaO (MW)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 330.49 4 82.62 132.05 <0.0001 significant
X1-Nano CaO 125.50 1 12550 200.59 <0.0001
X2-Time 161.09 1 16109 25747 <0.0001
X3-Methanol:oil 34.97 1 34.97 55.90 < 0.0001
X212 8.92 1 8.92 14.26 0.0018
Residual 939 15 0.63
Lack of Fit 821 10 0.82 3.48 0.0905 not significant
Pure Error 1.18 5 0.24
Cor Total 339.87 19

The Model F-value of 132.05 implies the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case A, B, C, B2 were significant
model terms. The "Lack of Fit F-value" of 3.48 implied there was a 9.05% chance that a
"Lack of Fit F-value" this large could occur due to noise. Lack of fit was not very good but
it was insignificant and acceptable since p-value > 0.05. Table 5.66 gives the R-Square for
the reduced model.
Table 5.66: R-Square for reduced model for Nano CaO (MW)

Std. Dev. 0.79 R-Squared 0.9724
Mean 51.44 Adj R-Squared 0.9650
CV.% 1.54 Pred R-Squared 0.9476

PRESS 17.82 Adeq Precision 40.788
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The "Pred R-Squared” of 0.9476 was in reasonable agreement with the "Adj R-Squared™ of
0.9650; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. For this model the ratio of 40.788 indicated an
adequate signal. This model can be used for design purposes. Table 5.67 gives the

coefficients for the reduced model.

Table 5.67: Coefficients for the reduced model for Nano CaO (MW)

Coefficient Standard 95% CI 95% CI
Factor Estimate df Error Low High VIF
Intercept 5197 1 0.23 51.49 52.45
X1-Nano CaO 303 1 0.21 2.58 3.49 1.00
X2-Time 343 1 0.21 2.98 3.89 1.00
X3-Methanol:oil 160 1 0.21 1.14 2.06 1.00
X212 -0.78 1 0.21 -1.22 -0.34 1.00

The reduced model was: Yield, Y = 51.97 + 3.03 X1 + 3.43 X2 + 1.60 X3— 0.78 X2?

...5.9
The reduced model showed no interaction between the reaction variables and also lacked
most of the curvature terms. It was very close to a linear relationship. Reduced model was

used to compute Predicted yield given in Table 5.62.

5.3.6.3.1.1  Respond Surface and Contour Plots
Equation 5.9 was used for RSM surface and contour plots. Figs 5.73, 5.74 and 5.75 give

the plots. These plots fail to identify the region for optima. The functional relationship for
Yield (Eqn 5.9) is almost a linear relationship with only one curvature term. The reason
could be that the range of operation variables (Nano CaO concentration, Reaction time and
Methanol to oil ratio in Table 5.2) chosen for optimization study were limited and optima
possibly lies beyond it. Fig 5.73 is a RSM plot for FAME vyield as a function of Nano CaO
concentration and reaction time. It shows that the yield increases with increasing catalyst
concentration and reaction time- almost linearly.

Fig 5.74 is a RSM surface and contour plot showing FAME vyield as functions of Nano
CaO concentration and methanol to oil ratio. Yield increased with the increase in these
variables. From the plot, catalyst concentration has a larger contribution towards an

increase in yield as compared to methanol ratio.
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Fig 5.75 is a RSM surface and contour plot with variables as methanol to oil ratio and
reaction time. Yield increased with increasing time and methanol ratio. Reaction time was

a more significant variable as compared to methanol ratio.

Methanol:oil ratio 6 15

Time, min

Figure 5.75: RSM plot- Effect of Meth:oil ratio and Time on Yield for Nano CaO
(MWw)



5.3.6.3.1.1 Re-oxidized CaO- experimental results and data analysis
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Table 5.68 gives the details of a set of 20 experiments in terms of actual and coded levels

as per CCD, and the FAME vyields obtained in transesterification studies. Table also gives

Predicted yield obtained from the Reduced quadratic model (Egn 5.10).

Table 5.68: CCD matrix with experimental FAME yield for CaO-RO (MW)

Run Level of variables [actual(coded)]

Catalyst,% Time (min)

X1 X2
1 1(0) 3(0)
2 1(0) 0.5(-1.68)
3 0.5(-1) 4.5(1)
4 1(0) 3(0)
5  1.84(1.68) 3(0)
6 1(0) 3(0)
7 0.5(-1) 1.5(-1)
8 1(0) 3(0)
9 1.5(1) 4.5(1)
10 1.5(1) 4.5(1)
11 1(0) 3(0)
12 1.5(1) 1.5(-1)
13 0.16(-1.68) 3(0)
14 1(0) 3(0)
15 1.5(1) 1.5(-1)
16 1(0) 3(0)
17 0.5(-1) 1.5(-1)
18 1(0) 5.5(1.68)
19 1(0) 3(0)
20 0.5(-1) 4.5(1)

Methanol :oil

X3
9(0)
9(0)
12(1)
14(1.68)
9(0)
4(-1.68)
6(-1)
9(0)
12(1)
6(-1)
9(0)
6(-1)
9(0)
9(0)
12(1)
9(0)
12(1)
9(0)

9(0)
6(-1)

Experimental
Yield

23.6
22.5

19.3
18.5
22.1

18.6
18.2
23.9
24.9
21.9
22.9
17.3
18.3

22.8
20.8
23.9
19.8
25.8

24.0
21.6

Reduced
Model
(Egn 5.10)

Y

23.7
20.9

20.1
19.1
21.6

17.8
19.2
23.7
251
22.5
23.7
17.8
18.6

23.7
20.4
23.7
18.3
26.4

23.7
21.0

Data in Table 5.68 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.69 gives the result.
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Table 5.69: Summary for model fit- Sequential model sum of squares for CaO-RO

(MW)
Summary for model fit
Sequential  Lack Adjusted Predicted
of Fit
Source p-value p- R-Squared R-Squared
value
Linear 0.1327 0.0010 0.1548 -0.1581
2FI1 0.5302 0.0007 0.1170 -0.5379
Quadratic <0.0001 0.1010 0.9012 0.6587 Suggested
Cubic 0.0715 0.3101 0.9534 0.3240 Aliased
Sequential Model Sum of Squares [Type I]
Sum of Mean F p-value
Source Squares df  Square Value Prob>F
Mean vs Total 9275.12 1 9275.12
Linear vs Mean 35.10 3 11.70  2.16 0.1327
2F1 vs Linear 13.10 3 437  0.77 0.5302
Quadratic vs 2FI 67.25 3 2242 3540 <0.0001 Suggested
Cubic vs 454 4 113 380 00715 Aliased
Quadratic
Residual 1.79 6 0.30
Total 9396.91 20 469.85 "

Cubic had the highest R? (0.9534), followed by R? for Quadratic model (0.9012).
However, cubic was not suitable because of being aliased. Considering the F and p-values,
a Quadratic model was suggested. Cubic was aliased. The appropriate model for the given
set of data was full Quadratic model (Eqgn 4.2, Chapter 4) :

Y = by + Xitiby Xi + Xie by XP 4+ XY i bij X X; .42
Y is the FAME Yield, X; are coded variables as given in Table 5.2.
Table 5.70 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.70: ANOVA for Response Surface Quadratic model for CaO RO (MW)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 11545 9 12.83 20.26 <0.0001 significant

X1-Catalyst 11.24 1 11.24 17.75 0.0018
X2-Time 2154 1 2154 34.01 0.0002
X3-Methanol:oil 232 1 2.32 3.67 0.0845
X1.X2 420 1 4.20 6.64 0.0276
X1.X3 6.48 1 6.48 10.23 0.0095
X2.X3 242 1 2.42 3.82 0.0791
X1N2 2229 1 22.29 35.21 0.0001
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X272 034 1 0.34 0.53 0.4831
X372 4811 1 4811 7598 <0.0001
Residual 6.33 10 0.63

Lack of Fit 490 5 0.98 3.43 0.1010 not significant
Pure Error 143 5 0.29
Cor Total 121.79 19

The Model F-value of 20.26 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X1.X2, X1.X3, X1"2,
X372 were significant model terms. Insignificant terms were X3, X2.X3, X2"2. The model
could possibly be reduced by dropping these terms. It was not advisable to drop X3 since it
was part of model hierarchy. Hence X2.X3, X2"2 were dropped and the reduced model
tested for ANOVA.

Reduced model:. Table 5.71 gives the ANOVA for the reduced model where X2.X3,
X272 had been dropped.

Table 5.71: ANOVA for Response Surface Reduced Quadratic model for CaO RO
(MW)

ANOVA for Response Surface Reduced Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]
Sum of Mean F  p-value

Source Squares df Square Value Prob>F

Model 11270 7 16.10 21.26 <0.0001 significant
X1-Catalyst 1124 1 1124 1484 0.0023

X2-Time 2154 1 21.54 28.44 0.0002
X3-Methanol:oil 232 1 232  3.07 0.1054

X1.X2 420 1 420 555 0.0363

X1.X3 6.48 1 6.48 8.56 0.0127

X112 23.07 1 23.07 30.46 0.0001

X3n2 4940 1 4940 65.23 <0.0001

Residual 9.09 12 0.76

Lack of Fit 766 7 1.09 383 0.0792 not significant
Pure Error 143 5 0.29

Cor Total 121.79 19

The Model F-value of 21.26 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X1.X2, X1.X3, X172,
X372 were significant model terms. The "Lack of Fit F-value™ of 3.83 implied there was a

7.92% chance that a "Lack of Fit F- value" this large could occur due to noise. Lack of fit
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was not very good but it was not significant and acceptable since p-value > 0.05. Table

5.72 gives the R? values for the reduced model.

Table 5.72: R-Square values for CaO RO (MW)

Std. Dev. 0.87 R-Squared 0.9254
Mean 21.54 Adj R-Squared 0.8818
CV.% 4.04 Pred R-Squared 0.7009
PRESS 36.43 Adeq Precision 14.566

The "Pred R-Squared” of 0.7009 was in reasonable agreement with the "Adj R-Squared™ of
0.8818; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. This model had a ratio of 14.566 which indicated
an adequate signal. This model can be used for design purposes. Table 5.73 gives the

coefficients for the reduced quadratic model.

Table 5.73: Coefficients for the Reduced Quadratic model for CaO-RO (MW)

Coeffici Standard 95% Cl  95% ClI
ent
Factor Estimat df Error Low High
e
Intercept 2365 1 0.30 23.00 24.31
X1-Catalyst 091 1 0.24 0.39 1.42
X2-Time 126 1 0.24 0.74 1.77
X3-Meth:oil 041 1 0.24 -0.10 0.93
X1.X2 072 1 0.31 0.055 1.40
X1.X3 090 1 0.31 0.23 1.57
X172 -1.26 1 0.23 -1.76 -0.76
X372 -1.84 1 0.23 -2.34 -1.35

Since all the terms in the reduced model were significant, no further reductions were

needed. Hence the model was:

Yield, Y = 23.65 + 0.91 X1 + 1.26 X2 + 0.41 X3+ 0.72 X1.X2 + 0.90 X1.X3 — 1.26 X1°
—1.84 X3? ...5.10

Reduced model was used to obtain Predicted yield given in Table 5.68. In the following

section, Eqn 5.10 was used for response surface plots.

5.3.6.3.1.2  Response Surface and Contour Plots
Fig 5.76 is a RSM surface and contour plot for FAME vyield as a function of CaO RO

catalyst mass% and Time. Yield increased with time and with increasing catalyst
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concentration. No optima was found within the range of independent variables in this case.
This general observation agreed with experimental findings.

Fig 5.77 is RSM surface and contour plot for FAME vyield as function of CaO-RO
concentration and Methanol to oil ratio. Maxima was at methanol:oil ratio of > 9:1 and

Ca0O RO of 1.25%. Experimental data were in agreement with this observation.

e, min 1 05 S Methanol:oil ratio Catalyst, mass%
Figure 5.76: RSM plot- Effect of CaO- Figure 5.77: RSM plot- Effect of
RO and Time on Yield (MW) Meth:oil ratio and CaO RO conc. on
Yield (MW)

Fig 5.78 is a RSM surface and contour plot for Yield as function of methanol to oil ratio
and time. Optima was at time > 5 min, and at methanol ratio of 9:1. This fully agreed with

experimental data.

Methanol:oil ratio Time, min

Figure 5.78: RSM plot- Effect of Meth:oil ratio and Time on Yield for CaO RO
(MW)



5.3.6.3.1.1 CaO- Experimental results and data analysis
Table 5.74 gives the details of a set of 20 experiments in terms of actual and coded levels
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as per CCD, and the FAME vyields obtained in transesterification studies. Last column of

the Table gives Predicted yield computed using the Reduced quadratic model (Eqn 5.11).

Table 5.74: CCD matrix with experimental FAME yield for CaO (MW)

Run Level of variables [actual(coded)]
Catalyst,% Time (min)  Methanol :oil
X1 X2 X3

1 1(0) 3(0) 9(0)

2 1(0) 0.5(-1.68) 9(0)

3 0.5(-1) 4.5(1) 12(1)

4 1(0) 3(0) 14(1.68)

5 1.84(1.68) 3(0) 9(0)

6 1(0) 3(0) 4(-1.68)

7 0.5(-1) 1.5(-1) 6(-1)

8 1(0) 3(0) 9(0)

9 1.5(1) 4.5(1) 12(1)
10 1.5(2) 4.5(1) 6(-1)
11 1(0) 3(0) 9(0)
12 1.5(1) 1.5(-1) 6(-1)
13 0.16(-1.68) 3(0) 9(0)
14 1(0) 3(0) 9(0)
15 1.5(2) 1.5(-1) 12(1)
16 1(0) 3(0) 9(0)
17 0.5(-1) 1.5(-1) 12(1)
18 1(0) 5.5(1.68) 9(0)
19 1(0) 3(0) 9(0)
20 0.5(-1) 4.5(1) 6(-1)

Experimental
Yield

18.6
16.0

16.8
18.2
18.2
12.9
10.8
18.9
20.5
18.6
19.1
16.1
12.3
19.2
17.6
18.4
15.8

19.8

19.3
155

Reduced
Model
(Egn 5.11)

Y

18.9
16.1

16.8
18.1
18.4
135
115
18.9
20.1
18.4
18.9
15.0
12.7
18.9
185
18.9
15.1

20.3

18.9
14.9

Data in Table 5.74 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.75 gives the result.

Table 5.75: Summary for model fit- Sequential model sum of squares for CaO (MW)

Summary for model fit

Sequential

Lack

Adjusted

Predicted
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Source

Linear
2FI
Quadratic
Cubic

Sequential Model Sum of Squares [Type 1]

Source

Mean vs Total
Linear vs Mean
2F1 vs Linear
Quadratic vs
2F1

Cubic vs
Quadratic
Residual

Total

of Fit
p-value p- R-Squared R-Squared
value
0.0003 0.0009 0.6229 0.5266
0.8473 0.0005 0.5629 0.2892
<0.0001 0.0553 0.9431 0.7794
0.0831 0.1137 0.9716 0.1572
Sum of Mean F p-value
Squares df  Square Value Prob>F
5866.34 1 5866.34
89.41 3 29.80 11.46 0.0003
2.42 3 081 0.27 0.8473
35.26 3 11.75 29.96 <0.0001
2.75 4 069 351 0.0831
1.17 6 0.20
5997.36 20 299.87

Suggested
Aliased

Suggested

Aliased

Cubic had the highest Adjusted R? (0.9716), followed by Adjusted R? for Quadratic model

(0.9431). However, cubic was not suitable because of being aliased. Considering the F and

p-values, a Quadratic model was suggested. Cubic was aliased. The appropriate model for

the given set of data was full Quadratic model (Eqn 4.2, Chapter 4) :

Y = by + XLib Xi+ X by X+ X121 i1 bij X X .42

Y is the FAME Yield, X; are coded variables as given in Table 5.2.
Table 5.76 gives Analysis of VVariance (ANOVA) for a full quadratic model.
Table 5.76: ANOVA for Response Surface Quadratic model for CaO (MW)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type Il1]

Sum of Mean F p-value

Source Squares df Square Value Prob > F

Model 127.09 9 14.12 36.00 <0.0001 significant

X1-CaO 4156 1 41.56 105.92 < 0.0001

X2-Time 2249 1 22.49 57.32 < 0.0001

X3-

Methanol-oil 2537 1 25.37 64.67 < 0.0001

X1.X2 0.011 1 0.011  0.029 0.8689

X1.X3 105 1 1.05 2.68 0.1327

X2.X3 136 1 1.36 3.47 0.0921

X1N2 21.10 1 21.10 53.80 < 0.0001

X272 1.10 1 1.10 2.82 0.1243

X3N2 1757 1 17.57 44.78 < 0.0001

Residual 3.92 10 0.39
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Lack of Fit 325 5 0.65 4.79 0.0553 not significant
Pure Error 0.68 5 0.14
Cor Total 131.02 19

The Model F-value of 36.00 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X172, X3"2 were
significant model terms. Terms X1.X2, X1.X3, X2.X3, X272 were not significant. These
terms could be dropped to simplify the model. Terms X1.X2, X1.X3, X272 were dropped
first, while retaining X2.X3 since Prob > F was 0.0921( < 0.1000). This was named
Reduced Model-1.

Reduced model-1:. Dropped X1.X2, X1.X3 and X272 . Table 5.77 gives the ANOVA for
the reduced model.

Table 5.77: ANOVA for Response Surface Reduced Quadratic model-1 for CaO
(MW)

ANOVA for Response Surface Reduced Quadratic model 1
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 12493 6  20.82 4445 <0.0001 significant
X1-CaO 4156 1 4156 88.71 <0.0001
X2-Time 2249 1 2249 48.00 <0.0001
X3-Methanol:oil 2537 1 25.37 54.15 <0.0001
X2X3 136 1 136 291 0.1120
X172 2036 1 20.36 43.46 <0.0001
X372 1687 1 16.87 36.01 <0.0001
Residual 6.09 13 0.47
Lack of Fit 541 8 0.68  4.99 0.0465 significant
Pure Error 068 5 0.14
Cor Total 131.02 19

The Model F-value of 44.45 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1"2, X3"2 were
significant model terms. The "Lack of Fit F-value" of 4.99 implied the Lack of Fit was
significant. There was only a 4.65% chance that a "Lack of Fit F-value" this large could

occur due to noise. This showed that the present reduced model failed lack-of-fit test. Also
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p-value for X2.X3 had gone worse. In another attempt to simplify the model, X2.X3 was
dropped as well. This was called as Reduced Model-2, and tested for ANOVA.

Reduced Model-2: Dropped X1.X2, X2.X3, X1.X3 and X2"2. Table 5.78 gives ANOVA.

Table 5.78: ANOVA for Response Surface Reduced Quadratic model2 for CaO
(MW)

ANOVA for Response Surface Reduced Quadratic model2
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 12357 5 2471 46.43 <0.0001 significant
X1-CaO 4156 1 4156 78.08 <0.0001
X2-Time 2249 1 2249 4225 <0.0001
X3-Methanol:oil 2537 1 2537 47.67 <0.0001
X172 2036 1 20.36 38.25 <0.0001
X3n2 1687 1 16.87 31.70 <0.0001
Residual 745 14 0.53
Lack of Fit 6.77 9 0.75  5.56 0.0367 significant
Pure Error 0.68 5 0.14
Cor Total 131.02 19

The Model F-value of 46.43 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X172, X3"2 were
significant model terms. The "Lack of Fit F-value" of 5.56 implied the Lack of Fit was
significant. There was only a 3.67% chance that a "Lack of Fit F-value" this large could
occur due to noise. In this Reduced Model-2 lack-of-fit had became worse when compared
to Reduced model-1. In another attempt to simplify, only X1.X2 was dropped (largest p-
value in full model) while retaining all other terms. This was named as Reduced Model-3.
Reduced Model-3: Dropped X1.X2. ANOVA is given in Table 5.79.

Table 5.79: ANOVA for Response Surface Reduced Quadratic model3 for CaO
(MW)

ANOVA for Response Surface Reduced Quadratic model-3
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 127.08 8 15.89 4441  <0.0001 significant
X1-CaO 4156 1 4156 116.18 <0.0001
X1-Time 2249 1 22.49 62.87 < 0.0001




200

X3-Methanol:oil 25.37 1 25.37 70.93 < 0.0001

X1.X3 105 1 1.05 2.94 0.1145

X2.X3 136 1 1.36 3.81 0.0770

X2 21.10 1 21.10 50.01 < 0.0001

X212 110 1 1.10 3.09 0.1066

X372 1757 1 17.57 49.12 < 0.0001

Residual 393 11 0.36
Lack of Fit 326 6 0.54 4.01 0.0746  not significant
Pure Error 0.68 5 0.14

Cor Total 131.02 19

The Model F-value of 44.41 implies the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X172, X3"2 were
significant model terms. The "Lack of Fit F-value™ of 4.01 implied there is a 7.46% chance
that a "Lack of Fit F- value" this large could occur due to noise. Lack-of-fit was not
significant. Another reduction was attempted by dropping X1.X2 and X1.X3, named
Reduced Model-4.

Reduced Model-4: Dropped X1.X2 and X1.X3 but retained X272. Table 5.80 gives the
ANOVA.

Table 5.80: ANOVA for Response Surface Reduced Quadratic model-4 for CaO
(MW)

ANOVA for Response Surface Reduced Quadratic model-4

Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 126.03 7 18.00 43.34 <0.0001 Significant
X1-CaO 4156 1 4156 100.02 <0.0001
X2-Time 2249 1 22.49 5412 <0.0001
X3- 2537 1 25.37 61.06 <0.0001
Methanol:oil
X2.X3 136 1 1.36 3.28 0.0954
X112 2110 1 21.10 50.80 < 0.0001
X212 110 1 1.10 2.66 0.1290
X312 1757 1 1757 4228 <0.0001
Residual 499 12 0.42
Lack of Fit 431 7 0.62 4.54 0.0574 not significant
Pure Error 0.68 5 0.14
Cor Total 131.02 19

The Model F-value of 43.34 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
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0.0500 indicate model terms are significant. In this case X1, X2, X3, X172, X3"2 were

significant model terms. The "Lack of Fit F-value™ of 4.54 implied there is a 5.74% chance

that a "Lack of Fit F- value" this large could occur due to noise. Lack-of-fit was not good

but it was insignificant and acceptable. This was taken to be the final model since it met

the lack-of-fit requirements. Table 5.81 gives the R-Square values for this reduced model.
Table 5.81: R-Square values for Reduced Model-4 for CaO (MW)

Std. Dev. 0.64 R-Squared 0.9619
Mean 17.13 Adj R-Squared 0.9397
CV.% 3.76 Pred R-Squared 0.8767
PRESS 16.15 Adeq Precision 21.539

The "Pred R-Squared” of 0.8767 was in reasonable agreement with the "Adj R-Squared™ of
0.9397; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. Model ratio of 21.539 indicated an adequate
signal. This model can be used for design purposes. Table 5.82 gives the coefficients for
this model

Table 5.82: Coefficients for Reduced Model-4- for CaO (MW)

Coefficient Standard 95% CI 95% CI
Factor Estimate df Error Low High
Intercept 1890 1 0.26 18.32 19.47
X1-CaO 174 1 0.17 1.36 2.12
X2-Time 128 1 0.17 0.90 1.66
X3- 136 1 0.17 0.98 1.74
Methanol:oil
X2X3 041 1 0.23 -0.91 0.084
X2 -121 1 0.17 -1.58 -0.84
X212 -028 1 0.17 -0.65 0.093
X372 -1.10 1 0.17 -1.47 -0.73

Reduced Model-4 was the final model since any further reduction made lack-of-fit
significant. Hence the Reduced Quadratic model was:
Yield, Y =18.90 + 1.74 X1 + 1.28 X2 + 1.36 X3— 0.41X2.X3 — 1.21 X1?- 0.28 X2?

—1.10 X3"2 ...5.11
Reduced Model-4 was used to estimate Predicted yield given in Table 5.74. In the
following section, Eqn 5.11 was used for response surface plots.
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5.3.6.3.1.2  Response Surface and Contour Plots
Fig 5.79 is a RSM surface and contour plot for FAME vyield as function of CaO

concentration and reaction time. Optima was at time > 5 min and CaO > 1.25%. This was
in agreement with experimental observations. Fig 5.80 is a RSM plot for FAME vyield as
function of CaO concentration and methanol to oil ratio. It depicted the area for maximum
yield corresponding to CaO > 1.25% and methanol:oil ratio of 10.5. This was in agreement

with experimental data.

Time, min 105

Catalyst, mass%

Figure 5.79: RSM plot- Effect of CaO Figure 5.80: RSM plot- Effect of. CaO
conc. and Time on Yield (MW) conc. and Methanol:oil ratio on Yield
(MW)

Fig 5.81 is a RSM surface and contour plot for FAME yield as function of methanol:oil
ratio and reaction time. Maxima corresponded to time > 5 min, and methanol:oil ratio 9 —

10.5. This was in agreement with experimental studies.
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Methanol:oil ratio

Time, min

Figure 5.81: RSM plot- Effect of Time and Methanol:oil ratio on Yield for CaO
(MW)

5.3.7 Studies with conventional heating- Nano magnesium oxide and Magnesium
oxide catalysts

This section deals with transesterification studies carried out with conventional heating

employing a water bath as heat source.

5.3.7.1 Effect of operation variables on FAME yield

5.3.7.1.1 Effect of Methanol to triglyceride mole ratio

Fig 5.82 gives the FAME vyield for Nano MgO, and MgO as a function methanol to oil
molar ratio.

Nano MgO gave a higher yield as compared to MgO. The highest yield was at 9:1
methanol to oil ratio, 24.5% for Nano MgO and 19.4% for MgO. The yield decreased at
higher methanol ratio but the decrease was slight, of about 1%. At very high methanol
ratios, glycerol dissolves in excessive methanol and subsequently inhibits the forward
reaction (Viriya-empikul et al., 2010). Other explanation for reduced vyield is that catalyst
concentration decreases with excess methanol (Liu et al., 2008; Bambase et al., 2007).
Excess methanol affects the interphase area between alcohol and oil due to their
immiscibility leading to a drop in yield (Babak et al., 2013). There is no published study
for the use of MgO catalyst for Croton megalocarpus oil. Yields for transesterification of
other oils have been low at atmospheric conditions.

5.3.7.1.2 Effect of catalyst concentration
Fig 5.83 gives the effect of Nano MgO and MgO concentrations on FAME yield. For both

Nano MgO and MgO vyield rose with increasing catalyst concentration from 0.5 mass% to
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1.5 mass%. After that the yield remained almost constant. The highest yield obtained for
Nano MgO and MgO catalysts was 25.6 and 20.6% respectively, which was at 1.5 mass%
catalyst. A slight decrease in yield at higher catalyst concentration was observed for Nano
MgO, from 25.6% to 24% at 3 mass% catalyst, a drop of just 1.6%.

30 30
25 25 —t— L
20 20 //
o = / /
o 15 o 15
< V4 et Nano Mg( < et Nano MgO
10 ——igo 10 ——IWigo
5 5
0 0
3 6 9 12 15 18 0 1 2 3 4
Methanol:oil Ratio Catalyst, mass%
Figure 5.82: Effect of Methanol.:oil Figure 5.83: Effect of Catalyst
ratio on Yield (WB) concentration on Yield (WB)

5.3.7.1.3 Effect of Temperature
Fig 5.84 gives the effect of reaction temperature on FAME yield. Yield increased with

increasing temperature. Highest yield for Nano MgO was 24.5% and for MgO was 20% at
70°C (343 K). The FAME vyield increased rapidly as temperature was raised from 40°C
(313K) to 60°C (333 K) and became constant between 60 and 70°C (333 and 343 K).
Literature on use of MgO catalysts for transesterification is limited. High yields have been
reported for reactions carried out at high temperature and pressure. Reaction temperatures
of 120°C (393K) — 215°C (488K) have reported FAME vyields of 60 — 64% for MgO
catalyst (Taufig-Yap et al.. 2011, Singh & Fernando, 2007; Antunes et al., 2008). For
Nano MgO, yield at 250°C (523 K) was 98% (Wang and Yang, 2007). For reactions at
normal pressure, reported FAME yield for MgO catalyst range from 0 — 20% (Arzamendi
et al., 2008; Gryglewicz, 1999; Puna et al., 2010; Patil & Deng, 2009; Lopez et al., 2005;
Babak et al., 2013). In these studies, methanol to oil ratio ranged from 3 to 55, and catalyst
0.25 to 5 mass%. Table 2.3 (Chapter 2) lists some studies on MgO and Nano MgO
catalysts.
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5.3.7.2 Reaction Kinetics
Results for Nano MgO and MgO are presented separately in the following sections.

5.3.7.2.1 Nano Magnesium oxide

5.3.7.2.1.1  Effect of Time on FAME yield
Fig 5.85 is a plot of FAME yields at temperatures of 40, 50, 60, 70°C (313, 323, 333, 343

K) for a time period of 3h. Yield increased with reaction temperature and with time.

30 30
25 - 25 4
- /’ - 20
z z
.g 15 -.,/?/ ====Nano Mg -g 15 1
10 / == Mg0 10 - 40 dng"
' === 50 degC
5 5 /’_ 60degC
0 0 / —n-l-7o degC
30 40 50 60 70 80 0 30 60 90 120 150 180
Temperature, deg C Time, min
Figure 5.84: Effect of Reaction Figure 5.85: Variation of Yield with
temperature on Yield (WB) time at various temperatures for Nano
MgO (WB)

FAME yields increased with reaction temperature and with time. After an early increase in
reaction rates, yields became almost constant after 2h of reaction time. The final yields at

the end of 3h for the temperatures of 40, 50, 60, 70°C (313, 323, 333, 343 K) were 15.2,
19.8, 23.8 and 24.2% respectively.

5.3.7.2.1.2 Order of reaction
Table 5.83 gives the coefficients of correlation, R?, for all the ten cases of reaction orders,

and for all temperatures.

Table 5.83: Coefficients of correlation, R2, for various reaction orders for Nano MgO
(WB)

o 1 Order 2" Order 3" Order

Order
Temp Case Case Case Case Case5 Case Case Case8 Case9 Case
°C 1 2 3 4 (m=2, 6 7 (m=1, (m=3, 10

(m=1, (m=0, (m=1, n=0) (m=0, (m=2, n=2) n=0) (m=0,
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n=0) n=1) n=1) n=2) n=1) n=3)
40 0.8496 0.8666 0.855 0.8718 0.8828 0.8604 0.8878 0.8784 0.8782 0.8657
50 0.7725 0.7993 0.7809 0.8074 0.8252 0.7892 0.833 0.8176 0.8299 0.7974
60  0.7162 0.7447 0.7249 0.7532 0.7723 0.7335 0.7803 0.7636 0.7784 0.7421
70  0.6393 0669 0.6483 0.6779 0.6982 0.6572 0.7068 0.6888 0.7063 0.6662

In Table 5.83, Case 7 had the highest R? values for all the four temperatures (in bold
numbers). This corresponded to an overall third order reaction, second order with respect
to triglyceride and first order with respect to methanol. The ‘slope’ in this case is = k [Ac]?

The rate equation, in terms of rate of disappearance of triglyceride, is: —r, = — % =

k [A]? [B]. Singh and Fernando (2007) found the reaction order to be first order with
methanol for high pressure (215°C) transesterification of soybean oil with MgO catalyst.
Patil et al. (2011) observed a second order reaction with respect to methanol for Camelina

sativa transesterification with MgO catalyst.

5.3.7.2.1.3  Rate constant and Activation energy
Integrated form of rate reaction in Case 7 (Table 5.83) is Eqn 2.40 (Chapter 2):

1 X4 3 (a5 — 3x,)
(aB—3)<1—xA_aB—3>l (1-x)azs =k[Al5t

L.H.S is F(xa) or F(yield) and RHS is a function of time t. Regression linear plot for F(xa)
vs. t for 70°C (343K) for Nano MgO is given in Fig 5.86.The ordinate is — ("A -

(ap—3) \1-x4

> )ln @s=3*4) "and abscissa is t. Reaction constant k was given by the slope of the plot

ap-3 (1-xa)ap

(R? = 0.7068).

soe2 REaction Kinetics: Nano Mgo - WB

450E2 Ordinate: F(x), Eqn 5-33
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0.00E+0 1.80E+1 3.60E+1 5.40E+1 7.20E+1 9.00E+1 1.08E+2 1.26E+2 1.44E+2 1.62E+2 1.80E=2
Time

Figure 5.86: Plot of kinetic equation 2.40 for Nano MgO (WB)
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Correlation constants (k [Ao]? ) for Eqn 2.40 for the four temperatures were used to

estimate reaction constant k (g> mol™ min™) as given in Table 5.84.

Table 5.84: Reaction rate constant k for Nano MgO (WB)

Temp°C TempK [Ao)® .k [Ao] k
g/cm3 (in min)
40 313.15 0.000143 0.6663 3.22E-04
50 323.15 0.00021 0.6663 4.72E-04
60 333.15 0.000289 0.6663 6.52E-04
70 343.15 0.000319 0.6663 7.18E-04

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1, Chapter 2). Fig 5.87 gives the plot.

2Arrhenius Plot: Nano MgO- WB

1T

2.0)29 0.003 0.0031 0.0032 0.0033
-6

-8 ’w
-10

Figure 5.87: Arrhenius plot for Nano MgO catalyst (WB)

The slope was 2950.96 ( R* = 0.9560), which gave the Activation energy, E = 24.53

kJ/mol; and intercept gave pre-exponential factor, A = 4.18.

5.3.7.2.2 Magnesium oxide

537221

Effect of Time on FAME yield
Fig 5.88 gives FAME vyield for MgO catalyst at temperatures of 40, 50, 60, 70°C (313,

323, 333, 343 K) for a time period of 3h. Yield increased with reaction temperature and

with time. Reactions at 40°C (313K) proceeded slower when compared to those at 50, 60,
70°C (323, 333, 343 K). Final yields after 3h at 40, 50, 60, 70°C (313, 323, 333, 343 K)
were 8.3, 14.8, 18.5 and 19.5% of FAME. The yields at 60, 70°C (333, 343 K) were very

close.
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Figure 5.88: Variation of Yield with time at various temperatures for MgO (WB)

5.3.7.2.2.2  Order of reaction
Table 5.85 gives the coefficients of correlation, R? for all the ten cases of reaction orders

Table 5.85: Coefficients of correlation, R2, for various reaction orders for MgO (WB)

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case4 Case Case Case7 Case8 Case9 Case
°C 1 2 3 (m=1, 5 6 (m=2, (m=1, (m=3, 10
(m=1, (m=0, n=1) (m=2, (m=0, n=1) n=2) n=0) (m=0,
n=0) n=1) n=0) n=2) n=3)

40 0.8669 0.8747 0.8695 0.8771 0.8821 0.872 0.8844 0.8802 0.8831 0.8744
50 0.7359 0.7502 0.7404 0.7546 0.7641 0.7449 0.76835 0.7602 0.7676 0.7494
60 0.6792 0.6949 0.6841 0.6996 0.7101 0.6889 0.7148 0.7056 0.7049 0.6938
70 0.6369 0.6529 0.6419 0.6578 0.6683 0.6469 0.6729 0.6638 0.6729 0.6518

In Table 5.85, Case 7 had the highest R? values at all the four temperatures ( in bold
numbers). This corresponded to an overall third order reaction, second order with respect

to triglyceride and first order with respect to methanol. The ‘slope’ in this case is = k [Ao]%

5.3.7.2.2.3  Rate constant and Activation energy
Integrated form of rate reaction in Case 7 (Table 5.85) is Eqn 2.40 (Chapter 2):

1 X4 3 (ap — 3x4)
(ocB—S)(l—xA_aB—3)l (1—x,)ag =k[Al5t

L.H.S is F(xa) and RHS is a function of time t. Regression linear plot for F(xa) vs. t for

70°C (343K) for MgO is given in Fig 5.89. The ordinate is (F4 - ) m G2 gng

ap-3) \1-x4  ap—3 (1-x4)ap’

abscissa is t. Reaction constant k is given by the slope of the plot (R? = 0.6729).
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Ordinate: F(x), Eqn 5-33
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Figure 5.89: Plot of kinetic equation 2.40 for MgO (WB)

Correlation constants (k [Ao]? ) for Eqn 2.40 for the four temperatures were used to

estimate reaction rate constant k (cm® mol min™) as given in Table 5.86.

Table 5.86: Reaction rate constant for MgO (WB)

Temp°C TempK [Ao]? .k [Ao] k
g/cm3 (in min)
40 313.15 7.54E-05 0.6663 1.70E-04
50 323.15 0.000159 0.6663 3.58E-04
60 333.15 0.000219 0.6663 4.94E-04
70 343.15 0.00024 0.6663 5.41E-04

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1, Chapter 2). Fig 5.90 gives the plot.

Arrhenius Plot: MgO- WB
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Figure 5.90: Arrhenius plot for MgO (WB)

The slope was 4121.16 ( R* = 0.88677), which gave the Activation energy, E = 34.3

kJ/mol, and intercept gave pre-exponential factor, A = 103.
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5.3.7.3 Optimization studies
Following sections give optimization studies for Nano MgO and MgO separately.

5.3.7.3.1 Nano Magnesium oxide- experimental results and data analysis
Table 5.87 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Last column in
the Table gives Predicted yield obtained from Reduced quadratic model (Eqn 5.12).

Table 5.87: CCD matrix with experimental FAME yield for Nano MgO (WB)

Run Level of variables [actual(coded)] Expt. Reduced
Yield Model

Y (Egn 5.12)

Catalyst,% Temp, (°C) Methanol :oil Y
X1 X2 X3

1 1(0) 60(0) 9(0) 23.8 23.6
2 1(0) 43(-1.68) 9(0) 15.9 16.3
3 0.5(-1) 70(2) 12(1) 16.8 16.7
4 1(0) 60(0) 14(1.68) 21.2 21.7
5 1.84(1.68) 60(0) 9(0) 24.8 24.2
6 1(0) 60(0) 4(-1.68) 16.2 16.2
7 0.5(-1) 50(-1) 6(-1) 11.3 10.5
8 1(0) 60(0) 9(0) 23.1 23.6
9 1.5(1) 70(2) 12(1) 23.5 23.2
10 1.5(1) 70(2) 6(-1) 23.9 23.3
11 1(0) 60(0) 9(0) 23.7 23.6
12 1.5(1) 50(-1) 6(-1) 16.5 17.0
13 0.16(-1.68) 60(0) 9(0) 12.2 13.3
14 1(0) 60(0) 9(0) 24.1 23.6
15 1.5(1) 50(-1) 12(1) 23.2 23.6
16 1(0) 60(0) 9(0) 22.2 23.6
17 0.5(-1) 50(-1) 12(1) 18.3 17.2
18 1(0) 77(1.68) 9(0) 21.2 21.3
19 1(0) 60(0) 9(0) 24.2 23.6
20 0.5(-1) 70(1) 6(-1) 16.9 16.8

Data in Table 5.87 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.88 gives the result.

Table 5.88: Summary for model fit- Sequential model sum of squares for Nano CaO
(WB)

Summary (detailed tables shown below)

Sequential Lack of Adjusted Predicted
Fit
Source p-value p-value R-Squared R-Squared

Linear 0.0015 0.0016 0.5354 0.4399
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2FI1
Quadratic
Cubic

Sequential Model Sum of Squares [Type I]

Source

Mean vs Total
Linear vs Mean
2F1 vs Linear
Quadratic vs 2FI
Cubic vs
Quadratic
Residual

Total

0.4599 0.0013 0.5281
< 0.0001 0.3876 0.9655
0.3508 0.3506 0.9698
Sum of Mean F
Squares df Square Value
8120.45 1 8120.45
208.80 3 69.60 8.30
23.43 3 7.81 0.92
104.52 3 34.84 56.00
2.96 4 0.74 1.36
3.27 6 0.54
8463.42 20  423.17

0.2492
0.9103  Suggested
0.6219 Aliased

p-value
Prob > F

0.0015
0.4599
<0.0001  Suggested

0.3508 Aliased

Highest Adjusted R? was for a Cubic model but it was aliased. Next highest Adjusted R?

was for a Quadratic model. Considering the F value and p-value, Quadratic model was

suggested. Cubic was not considered being aliased. The appropriate model for the given set
of data was full Quadratic model (Eqn 4.2, Chapter 4) : Y = by + Y=, b; X; +

Yy by XP+ X121 X1 by X Xj . Y s the Yield, X; are coded variables as given in
Table 5.1. Table 5.89 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.89: ANOVA for Response Surface Quadratic model for Nano MgO (WB)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type Il1]

Source
Model
X1-Nano MgO
X2-Temp
X3-Meth:oil
X1.X2
X1.X3
X2.X3
X172
X272
X372
Residual
Lack of Fit
Pure Error
Cor Total

Sum of
Squares
336.75
142.99
29.04
36.77
0.98
5.000E-003
22.45
43.21
42.33
39.75
6.22
3.53
2.70
342.97

Q.
=

[E=Y

=

©QUIUIORRPRPRPREPRREREREO

Mean
Square
37.42
142.99
29.04
36.77
0.98
5.000E-003
22.45
43.21
42.33
39.75
0.62
0.71
0.54

F
Value
60.14
229.85
46.67
59.10
1.58
8.037E-003
36.08
69.45
68.04
63.90

1.31

p-value
Prob > F
<0.0001 significant
< 0.0001
< 0.0001
< 0.0001
0.2380
0.9303
0.0001
< 0.0001
< 0.0001
< 0.0001

0.3876  not significant

The Model F-value of 60.14 implied the model was significant. There was only a 0.01%

chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
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0.0500 indicate model terms are significant. In this case X1, X2, X3, X2.X3, X172, X2/2,
X372 were significant model terms. The terms X1.X2 and X1.X3 were not significant and
the model was simplified by dropping them from the full quadratic model. These two terms
were dropped and the resulting reduced model tested for ANOVA.

Reduced Model: X1.X2 and X1.X3 were dropped. ANOVA for reduced model is given in
Table 5.90.

Table 5.90: ANOVA for Response Surface Reduced Quadratic Model for Nano MgO
(WB)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 33576 7 4797 79.88 <0.0001 significant
X1-Nano MgO 14299 1 14299 238.12 <0.0001
X2-Temp 29.04 1 29.04 4835 <0.0001
X3-Methanol:oil 36.77 1 36.77 61.23 < 0.0001
X2X3 2245 1 2245 37.38 <0.0001
X1n2 4321 1 4321 7195 <0.0001
X212 4233 1 4233 7049 <0.0001
X372 39.75 1 3975 66.19 <0.0001
Residual 721 12 0.60

Lack of Fit 451 7 0.64 1.20 0.4369 not significant
Pure Error 270 5 0.54
Cor Total 342.97 19

The Model F-value of 79.88 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X2X3, X172, X272,
X372 were significant model terms. The "Lack of Fit F-value" of 1.20 implied the Lack of
Fit was not significant relative to the pure error. There was a 43.69% chance that a "Lack
of Fit F-value” this large could occur due to noise. Non-significant lack of fit was good.
Table 5.91 gives the R-Square for the reduced model.

Table 5.91: R-Square values for Nano MgO (WB)

Std. Dev. 0.77 R-Squared 0.9790
Mean 20.15 Adj R-Squared 0.9667
CV.% 3.85 Pred R-Squared 0.9289

PRESS 24.40 Adeq Precision 27.870
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The "Pred R-Squared” of 0.9289 was in reasonable agreement with the "Adj R-Squared™ of
0.9667; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. This model’s ratio of 27.870 indicated an adequate
signal. This model can be used for design purposes. Table 5.92 gives the coefficients for

the reduced model.

Table 5.92: Coefficients for the Quadratic Model for Nano MgO (WB)

Coefficient Standard 95% CI  95% CI
Factor Estimate  df Error Low High
Intercept 23.64 1 0.32 22.95 24.33
X1-Nano MgO 3.24 1 0.21 2.78 3.69
X2-Temp 1.46 1 0.21 1.00 1.91
X3-Meth:oil 1.64 1 0.21 1.18 2.10
X2.X3 -1.68 1 0.27 -2.27 -1.08
X2 -1.73 1 0.20 -2.18 -1.29
X272 -1.71 1 0.20 -2.16 -1.27
X372 -1.66 1 0.20 -2.11 -1.22

Since all the terms in the model were significant, no further reductions were needed. Hence

the model was:

Yield, Y = 23.64 + 3.24 X1 + 1.46 X2 + 1.64 X3 —1.68 X2.X3— 1.73 X1? — 1.71 X2?
— 1.66 X3 ...5.12

Reduced model was used to compute Predicted yield given in Table 5.87. In the following

section, Eqn 5.12 was used for response surface plots.

53.7.3.1.1 Response Surface and Contour Plots
Equation 5.12 adequately represents the FAME vyield for transesterification of Croton

megalocarpus oil, as a function of the three process variables. This reduced quadratic
model has been used for RSM surface and contour plots to identify areas for optimal yield.
Fig 5.91 is plot for FAME yield as functions of Nano MgO concentration (X1) and
Temperature (X2). The plot indicated that for optimum yield, Nano MgO ~ 1.5% and
Temperature of 70°C (343K). These findings agreed with experimental observations.

Fig 5.92 is a plot of Yield as functions of catalyst concentration and methanol ratio. It
identified the area for optimal FAME vyield as the one where Nano CaO =~ 1.5 % and

methanol to oil molar ratio was 10.5:1. This was in agreement with experimental data.
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Figure 5.91: RSM plot- Effect of Nano Figure 5.92: RSM plot- Effect of Nano
MgO conc. and Temperature on Yield MgO conc. and Meth:oil ratio on Yield
(WB) (WB)

Fig 5.93 is a plot of Yield vs. methanol ratio and temperature. It identified the area of
optimal FAME vyield where temperature was 60 — 70°C (343 -353K) and methanol to oil

ratio was about 10:1, which was in agreement with experimental findings.

Methanol:oil ratio Temp, degC

Figure 5.93: RSM plot- Effect of Temp. and Meth:oil ratio on Yield for Nano MgO
(WB)

5.3.7.3.2 Magnesium oxide

53.7.3.21  Experimental results and data analysis
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Table 5.93 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Last column

gives the Predicted yield computed by Reduced quadratic model (Eqn 5.13).

Table 5.93: CCD matrix with experimental FAME yield for MgO (WB)

Run

O©Ooo~No ok, wnN -

18
19
20

Level of variables [actual(coded)]

Catalyst,%
X1
1(0)
1(0)
0.5(-1)
1(0)
1.84(1.68)
1(0)
0.5(-1)
1(0)
1.5(1)
1.5(1)
1(0)
1.5(1)
0.16(-1.68)
1(0)
1.5(1)
1(0)
0.5(-1)
1(0)
1(0)
0.5(-1)

Temp, (°C)
X2
60(0)
43(-1.68)
70(1)
60(0)
60(0)
60(0)
50(-1)
60(0)
70(1)
70(1)
60(0)
50(-1)
60(0)
60(0)
50(-1)
60(0)
50(-1)
77(1.68)
60(0)
70(1)

Methanol :oil
X3
9(0)
9(0)
12(1)
14(1.68)
9(0)
4(-1.68)
6(-1)
9(0)
12(1)
6(-1)
9(0)
6(-1)
9(0)
9(0)
12(1)
9(0)
12(1)
9(0)
9(0)
6(-1)

Expt.
Yield
Y

18.1
9.0
12.3
14.2
20.1
11.2
6.9
18.5
20.1
17.5
18.5
14.2
5.8
18.0
13.9
18.3
6.9
16.5
18.0
9.2

Reduced
Model

(Egqn 5.13)

Y

18.2
9.5
12.0
141
19.7
115
6.4
18.2
20.2
17.2
18.2
144
6.3
18.2
14.4
18.2
6.4
16.5
18.2
9.2

Data in Table 5.93 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.94 gives the result.

Table 5.94: Summary for model fit- Sequential model sum of squares for MgO (WB)

Summary (detailed tables shown below)

Sequential Lack of Adjusted Predicted
Fit
Source p-value p-value R-Squared R-Squared
Linear 0.0003 < 0.0001 0.6232 0.5702
2FI| 0.9172  <0.0001 0.5533 0.2446
Quadratic <0.0001 0.1025 0.9946 0.9824  Suggested
Cubic 0.0759 0.2944 0.9974 0.9602 Aliased
Sequential Model Sum of Squares [Type 1]
Sum of Mean F p-value
Source Squares df Square Value Prob > F
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Mean vs Total 4124.19 1 412419
Linear vs Mean 290.16 3 96.72 11.47 0.0003
2F1 vs Linear 4.99 3 1.66 0.17 0.9172
Q”adra“‘;‘F’f 128.69 3 4290 356.36 <0.0001  Suggested
Cubic vs 0.86 4 021 368 00759  Aliased
Quadratic
Residual 0.35 6 0.058
Total 4549.24 20 227.46

Highest Adjusted R? was for a Cubic model but it was aliased. Next highest Adjusted R?
was for a Quadratic model. Considering the F value and p-value, Quadratic model was
suggested. Cubic was not considered being aliased. The appropriate model for the given set
of data was full Quadratic model (Eqn 4.2, Chapter 4) : Y = by + Y[, b; X; +
Yy by XP + X121 X bij X X; . Y s the Yield, X; are coded variables as given in

Table 5.1. Table 5.95 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.95: ANOVA for Response Surface Quadratic model for MgO (WB)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 423.84 9 47.09 391.22 < 0.0001 significant
X1-MgO 217.09 1 21709 1803.42 < 0.0001
X2-Temp 65.08 1 65.08 540.67 < 0.0001
X3-Meth:oil 7.99 1 7.99 66.37 < 0.0001
X1.X2 0.41 1 0.41 3.36 0.0965
X1.X3 0.080 1 0.080 0.66 0.4339
X2.X3 4.50 1 4.50 37.38 0.0001
X172 48.55 1 48.55 403.34 < 0.0001
X212 52.37 1 52.37 435.01 < 0.0001
X372 53.34 1 53.34 443.12 < 0.0001
Residual 1.20 10 0.12
Lack of Fit 0.93 5 0.19 3.40 0.1025 Not significant
Pure Error 0.27 5 0.055
Cor Total 425.05 19

The Model F-value of 391.22 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X2.X3, X112, X272,
X372 were significant model terms. Insignificant terms were X1.X2 and X1.X3, which
were dropped to simplify the model.
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Reduced Model: Terms X1.X2 and X1.X3 were dropped from the full quadratic model
and ANOVA performed to test the reduced model. Table 5.96 gives ANOVA for the
reduced model.

Table 5.96: ANOVA for Response Surface Reduced Quadratic model for MgO (WB)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Source
Model
X1-MgO
X2-Temp
X3-Meth:oil
X2.X3
X172
X272
X312
Residual
Lack of Fit
Pure Error
Cor Total

Sum of
Squares
423.36
217.09
65.08
7.99
4.50
48.55
52.37
53.34
1.69
1.42
0.27
425.05

df

1

1

7
1
1
1
1
1
1
1
2
7
5
9

Mean F p-value
Square Value Prob>F
60.48 429.75 <0.0001 significant

217.09 154259 < 0.0001
65.08 462.47 < 0.0001
7.99 56.77 < 0.0001
4.50 31.98 0.0001
48.55 345.00 < 0.0001
52.37 372.10 < 0.0001
53.34 379.03 < 0.0001
0.14
0.20 3.70 0.0845  Not significant
0.055

reduced model.

The Model F-value of 429.75 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X2.X3, X172, X2/2,
X372 were significant model terms. The "Lack of Fit F-value™ of 3.70 implied there was a
8.45% chance that a "Lack of Fit F- value" this large could occur due to noise. Lack-of-fit

was not significant, and was acceptable. Table 5.97 gives the R-square terms for the

Table 5.97: R-square for Reduced Quadratic Model for MgO (WB)

Std. Dev. 0.38 R-Squared 0.9960
Mean 14.36 Adj R-Squared 0.9937
CV.% 2.61 Pred R-Squared 0.9847
PRESS 6.51 Adeq Precision 58.660

The "Pred R-Squared" of 0.9847 was in reasonable agreement with the "Adj R-Squared" of
0.9937; i.e. the difference was less than 0.2. "Adeq Precision™ measured the signal to noise
ratio. A ratio greater than 4 is desirable. In this case the ratio of 58.660 indicated an
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adequate signal. This model can be used for design purposes. Table 5.98 gives the

coefficients for the reduced model.

Table 5.98: Coefficients for the Reduced Quadratic Model for MgO (WB)

Coefficient Standard 95% CI 95% CI
Factor Estimate df Error Low High
Intercept 18.23 1 0.15 17.90 18.56
X1-MgO 3.99 1 0.10 3.77 4.21
X2-Temp 2.18 1 0.10 1.96 2.40
X3-Meth:oil 0.76 1 0.10 0.54 0.99
X2.X3 0.75 1 0.13 0.46 1.04
X172 -1.84 1 0.099 -2.05 -1.62
X212 -1.91 1 0.099 -2.12 -1.69
X312 -1.92 1 0.099 -2.14 -1.71

Since all the terms in the reduced model were significant, no further reductions were

needed. Hence the model was:

Yield, Y = 18.23 + 3.99 X1 + 2.18 X2 + 0.76 X3+ 0.75 X2.X3 — 1.84 X1% - 1.91 X2°
~1.92 X3? ...5.13

Reduced quadratic model was used to compute Predicted yield given in Table 5.93. In the

following section Eqn 5.13 has been used for response surface plots.

5.3.7.3.2.2  Response Surface and Contour Plots for MgO
Eqgn 5.13 was used for RSM surface and contour plots. Fig 5.94 is a RSM surface and

contour plot for FAME yield as function of MgO concentration and Temperature. Optima
was at MgO > 1.5% and Temperature 70- 80°C (343 — 353K). Yield increased with
increasing CaO-RO concentration and reaction temperature. This agreed with experimental
results.

Fig 5.95 is a RSM surface and contour plot for FAME vyield as function of MgO
concentration and methanol to oil ratio. Optima was at MgO = 1.5% and methanol to oil

ratio 9 — 10.5. This general trend was noted in experimental results.
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Methanol:oil ratio : Catalyst, mass%

_ Figure 5.95: RSM plot- Effect of MgO
Figure 5.94: RSM plot- Effect of MgO conc. and Meth:oil ratio on Yield (WB)
conc. and Temp. on Yield (WB)

Fig 5.96 is a RSM surface and contour plot for FAME vyield as function of Temperature
and methanol to oil ratio. Optima was at a temperature of 70°C (343K) and methanol to oil

ratio 9 - 10.5. The RSM plot concurred with the experimental findings.

Methanol:oil ratio Temp, degC

Figure 5.96: RSM plot- Effect of Temp. and Meth:oil ratio on Yield for MgO (WB)

5.3.8 Studies with Microwave Irradiation- Nano magnesium oxide and Magnesium
oxide catalysts

This section deals with transesterification studies carried out with microwave irradiation.

5.3.8.1 Effect of operation variables on FAME yield

5.3.8.1.1 Effect of methanol to triglyceride molar ratio
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Fig 5.97 gives the FAME yield for Nano MgO and MgO as a function methanol to oil
molar ratio. Stoichiometric requirement of methanol for transesterification is 3 mole to one
mole of triglyceride, but excess is used to drive the reaction in forward direction. Yields
for Nano MgO were 5.8, 6.5, 6.3 and 5.0 % FAME at methanol ratios of 6, 9, 12 and 15.
Similarly yields for MgO were 4.2, 5.3, 5.5 and 5.0% FAME at methanol ratios of 6, 9, 12,
15 respectively. It showed that yields for Nano MgO were just slightly higher than that for
MgO, and the highest yield were for methanol to oil ratio of 9:1 — 12:1. Yields slightly
declined when methanol to oil ratio was increased to 15:1. The explanations for decline in
yield at large excess of methanol have already been given in earlier sections. The yield

obtained were in general low.

5.3.8.1.2 Effect of catalyst concentration on FAME vyield
Fig 5.98 gives the effect of catalyst concentrations on FAME vyield. Yield increased with

increasing catalyst concentration for both Nano MgO and MgO. However the yields in
general were low. Highest yield for Nano MgO and MgO at 2 mass% was 7.5 and 6.5%

respectively.

10 8
9 C
8 Z A | p—
i Y
T 6 : —— <
g i / ;‘:g { Nano-MgO
3 Nano-Mgo i i MgO
1 Mgo 0
0 0 0.5 1 15 2 25
3 6 9 12 15 18
. . Catalyst, mass%
Methanol : Oil molar ratio
Figure 5.97: Effect of Methanol:oil Figure 5.98: Effect of Catalyst
ratio on Yield (MW) concentration on FAME yield (MW)

5.3.8.1.3 Effect of reaction time on FAME yield
Fig 5.99 gives the effect of reaction time on FAME vyield. For Nano MgO and MgO, yield

steadily increased with time and the final yield at the end of 5 min was 6.5 and 5.3

respectively.

5.3.8.1.4 Effect of microwave power
Fig 5.100 gives the effect of microwave power on yield. As anticipated, yields for Nano

MgO and MgO catalysts increased with power. The yield was more pronounced in power
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increase from 40 to 80%. After 80% power, yields became almost constant. Yields for
Nano MgO and MgO at 100% power were 6.5 and 5.3% respectively.

7 7
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Figure 5.99: Effect of Reaction Time

on Yield (MW)

5.3.8.2 Reaction Kinetics
Kinetics studies for Nano MgO and MgO are presented separately in the following

sections.

5.3.8.2.1 Nano Magnesium oxide

53.8.2.1.1  Effect of Time on FAME yield
Fig 5.101 gives the FAME yield for Nano MgO catalyst at 50, 60 and 70°C (323, 333,

Figure 5.100: Effect of Microwave
power on Yield

343K). Yield increased with the rise in reaction temperature. As the figure shows, yields

were very low.

2.5
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Figure 5.101: Variation of Yield with time for Nano MgO (MW)

5.3.8.2.1.2  Order of reaction
Table 5.99 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at the

three temperatures.
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Table 5.99: Coefficients of correlation, R2, for various reaction orders for Nano MgO
(MW)

o 1t Order 2" Order 3" Order
Order
Temp Case Case Case Case Case Case Case7 Case8 Case9 Case
°C 1 2 3 4 5 6 (m=2, (m=1, (m=3, 10
(m=1, (mM=0, (m=1, (mM=2, (m=0, n=1) n=2) n=0) (m=0,
n=0) n=1) n=1) n=0) n=2) n=3)

50 0.9094 0.9081 0.9098 0.9077 0.9068 0.9085 0.9064 0.9071 0.9055 0.9081
60 0.9094 0.9081 0.9098 0.9077 0.9068 0.9085 0.9064 0.9071 0.9055 0.9081
70 0.9693 0.9689 0.9698 0.9684 0.9675 0.9694  0.967 0.9678 0.966 0.9689

Highest correlation coefficients are in bold numbers in Table 5.99. The most likely order
of reaction was ‘first’ . Zero order with respect to triglyceride, and first order with respect

to methanol (Case 3). The integrated form of rate equation is Eqn 2.36 (Chapter 2) given

as: —:in(“=2*4) = k. The slope in this case is k.
3 ap

5.3.8.2.1.3  Rate constant and Activation energy
L.H.S. of Eqn 2.36 (——l (“B 3“) ) is a function of conversion xa, F(Xa), or the yield. A

plot of F(xa) vs time t is a straight line passing through the origin. Regression linear plot

for F(xa) vs. t for 70°C (343K) is given in Fig 5.102.The ordinate is, —%ln(w)

and abscissa is t. Reaction constant k is given by the slope of the plot (R* = 0.9698).

Reaction Kinetics: Nano MgO - MW

< Ean Ordinate: F(x). Eqn 5-29

3.00E-2

2.70E-2

6.00E3 "

nnnnnnnnn
00E~0 9.00E+0 1.80E+1 27061 3.60E+1 4.50E+1 5.40E+1 6.30E+1  7.20E+1
Time

Figure 5.102: Plot of Kinetic equation 2.36 for Nano MgO (MW)

Correlation constants (k) for Eqn 2.36 for the three temperatures were used to estimate

reaction constant k as given in Table 5.100.

Table 5.100: Reaction constant k for Nano MgO (MW)

Temp,°C  TempK k
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in min
50 323.15 7.50E-04
60 333.15 1.33E-03
70 343.15 1.62E-03

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 5.4.1). Fig 5.103 gives the plot (R* = 0.9358).

Arrhenius Plot: Nano MgO- MW

-5
(7).0:)29 0.00295 0.003 0.00305 0.0031 0.00315
X
< 9
11 ¢ T |

:13

/T

Figure 5.103: Arrhenius plot for Nano MgO (MW)

Slope of the plot was 4279.83, giving Activation energy, E = 35.6 kJ/mol. Intercept of the
plot gave pre-exponential factor, A = 7.5.

5.3.8.2.2 Magnesium oxide

5.3.8.22.1  Effect of Time on FAME yield

Fig 5.104 is a plot of FAME yield with time at temperatures of 50, 60 and 70°C (323, 333,
343 K). Yield increased with increasing temperature and time. Highest yield at the end of
90s for temperatures of 50, 60 and 70°C (323, 333, 343 K) was 1.05, 1.5 and 2%

respectively. The yields were very low.
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Figure 5.104: Variation of yield with time for MgO (MW)

5.3.8.2.2.2  Order of reaction
Table 5.101 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at

the three temperatures.

Table 5.101: Coefficients of correlation, R? for various reaction orders for MgO
(MW)

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case5 Case Case7 Case Case9 Case
°C 1 2 3 4 (m=2, 6 (m=2, 8 (m=3, 10
(m=1, (m=0, (m=1, n=0) (m=0, n=1) (m=1, n=0) (m=0,
n=0) n=1) n=1) n=2) n=2) n=3)

50 0.8241 0.8233 0.8242 0.8228 0.8219 0.8237 0.8215 0.8222 0.8206 0.8233
60 0.9371 0.9372 0.9373 0.9371 0.937 09373 0.9369 0.937 0.9368 0.9372
70 0.9173 0.917 0.9174 0.9167 09163 09172 0.9161 0.9165 0.9157 0.917

Highest correlation coefficients are in bold numbers in Table 5.101. The most likely order
of reaction was ‘first’, zero order with respect to triglyceride and first order with respect to

methanol (Case 3). The integrated form of rate equation is Eqn 2.36 (Chapter 2) given as:

—gln(%)ﬂct. The slope in this case is k. There is no published literature on

transesterification kinetics of MgO under microwave irradiation. Low yield was a reason

for lack of interest in such a study (Patil et al., 2011).

5.3.8.2.2.3  Rate constant and Activation energy
L.H.S. of Eqn 2.36,( —%ln (“3‘3"’*)) is a function of conversion xa , F(xa), or the yield. A

ap

plot of F(xa) vs time t is a straight line passing through the origin. Regression linear plot
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for F(xa) vs. t for 70°C (343K) is given in Fig 5.105.The ordinate is —:in (—“B;:"A) and

abscissa is t. Reaction constant k is given by the slope of the plot (R? = 0.9174).

2.00E-3

Reaction Kinetics: MgO- MW

Ordinate: F(x), Eqrn 5-29

nnnnnnn

uuuuuuu

1111111

Figure 5.105: Plot of Kinetic equation 2.36 for MgO (MW)

Correlation constants (k) for Eqn 2.36 for the three temperatures were used to estimate
reaction constant k as given in Table 5.102.
Table 5.102: Reaction constant k for MgO

Temp, °C Temp K k
in min
50 323.15 7.20E-04
60 333.15 1.15E-03
70 343.15 1.53E-03

Activation energy is obtained from the slope of the plot of Ink vs. /T (Arrhenius plot,
Section 5.4.1). Fig 5.106 gives the plot (R? = 0.9857).

Arrhenius Plot: MgO- MW

. 29 0.00295 0.003 0.00305 0.0

310.00315
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Figure 5.106: Arrhenius plot for MgO (MW)
Slope of the plot was 4173.83, giving Activation energy, E = 34.7 kJ/mol; and intercept

gave pre-exponential factor, A = 299.
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5.3.8.3 Optimization studies- experimental results and data analysis Nano MgO
Table 5.103 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Last column of

the Table gives Predicted yield obtained from the Reduced quadratic model (Eqn 5.14).

Table 5.103: CCD matrix with experimental FAME yield for Nano MgO (MW)

Run Level of variables [actual(coded)] Experimental Reduced
Yield Model

(Egn 10.3)

Catalyst,% Time (min)  Methanol :oil Y
X1 X2 X3

1 1(0) 3(0) 9(0) 5.3 5.3
2 1(0) 0.5(-1.68) 9(0) 3.1 34
3 0.5(-1) 4.5(1) 12(1) 3.1 3.2
4 1(0) 3(0) 14(1.68) 4.1 4.1
5 1.84(1.68) 3(0) 9(0) 5.9 5.8
6 1(0) 3(0) 4(-1.68) 2.5 2.6
7 0.5(-1) 1.5(-1) 6(-1) 1.7 1.8
8 1(0) 3(0) 9(0) 5.1 5.3
9 1.5(1) 4.5(1) 12(1) 6.3 6.5
10 1.5(2) 4.5(1) 6(-1) 6.3 6.4
11 1(0) 3(0) 9(0) 5.4 5.3
12 1.5(1) 1.5(-1) 6(-1) 3.0 2.7
13 0.16(-1.68) 3(0) 9(0) 2.0 2.1
14 1(0) 3(0) 9(0) 55 5.3
15 1.5(2) 1.5(-1) 12(1) 4.3 4.5
16 1(0) 3(0) 9(0) 5.0 5.3
17 0.5(-1) 1.5(-1) 12(1) 3.8 3.5
18 1(0) 5.5(1.68) 9(0) 6.5 6.3
19 1(0) 3(0) 9(0) 5.8 5.3
20 0.5(-1) 4.5(1) 6(-1) 3.1 3.1

Data in Table 5.103 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.104 gives the result.

Table 5.104: Summary for model fit- Sequential model sum of squares for Nano MgO

(MW)

Summary (detailed tables shown below)
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Sequential Lack of Fit  Adjusted Predicted
Source p-value p-value R-Squared R-Squared
Linear 0.0004 < 0.0001 0.6019 0.4718
2FI1 0.2059 < 0.0001 0.6510 0.4162
Quadratic < 0.0001 0.0692 0.9797 0.9284 Suggested
Cubic 0.0241 0.8764 0.9935 0.9947 Aliased
Sequential Model Sum of Squares [Type I]
Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Mean vs Total 383.95 1 383.95
Linear vs Mean 28.72 3 9.57 1057 0.0004
2F1 vs Linear 4.17 3 1.39 1.75 0.2059
Quadratic vs 2FI 9.85 3 3.28 71.08 <0.0001  Suggested
Sl s 0.37 4 0003 633 00241  Aliased
Quadratic
Residual 0.089 6 0.015
Total 427.16 20 21.36

Cubic model was out of consideration, being aliased. Quadratic model had highest
Adjusted R? and hence suggested. Table 5.105 gives the analysis of variance (ANOVA) for

a full quadratic model.

Table 5.105: ANOVA for Full Quadratic Model for Nano MgO (MW)

ANOVA for Response Surface Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 4275 9 4,75 102.78 <0.0001 significant
X1-Nano MgO 1595 1 1595 345.16 < 0.0001
X2-Time 1005 1 10.05 217.59 < 0.0001
X3-Methanol:oil 272 1 2.72 58.79 < 0.0001
X1.X2 265 1 265 57.24 < 0.0001
X1.X3 0.080 1 0.080 1.73 0.2176
X2.X3 145 1 145  31.27 0.0002
X112 33 1 3.35 7256 < 0.0001
X212 048 1 0.48 10.31 0.0093
X372 731 1 7.31 158.17 < 0.0001
Residual 046 10 0.046
Lack of Fit 037 5 0.075 4.25 0.0692 not significant
Pure Error 0.088 5 0.018
Cor Total 43.21 19

The Model F-value of 102.78 implies the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X2, X2.X3, X1"2,
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X272, X372 were significant model terms. The term X1.X3 was not significant. It was
dropped to simplify the model and the reduced model tested for ANOVA.

Reduced Model: Term X1.X3 was dropped from full quadratic model. Table 5.106 gives
ANOVA for the reduced model.

Table 5.106: ANOVA for Reduced Quadratic Model for Nano MgO (MW)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 42.67 8 5.33 108.22 <0.0001 significant
X1-Nano MgO 15.95 1 15.95 323.65 < 0.0001
X2-Time 10.05 1 10.05 204.02 < 0.0001
X3-Methanol:oil 2.72 1 2.72 55.12 < 0.0001
X1X2 2.64 1 2.64  53.67 < 0.0001
X2X3 1.44 1 144  29.32 0.0002
X1Nn2 3.35 1 3.35 68.04 < 0.0001
X212 0.48 1 0.48 9.67 0.0099
X312 7.31 1 7.31 14831 < 0.0001
Residual 054 11 0.049
Lack of Fit 0.45 6 0.076 4.30 0.0656  not significant
Pure Error 0.088 5 0.018
Cor Total 4321 19

The Model F-value of 108.22 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X2, X2.X3, X1/2,
X272, X372 were significant model terms. The "Lack of Fit F-value™ of 4.30 implied there
was a 6.56% chance that a "Lack of Fit F- value" this large could occur due to noise. Lack
of fit was not very good but it was insignificant and acceptable. Table 5.107 gives the R-
Square for the reduced model.
Table 5.107: R-Square for reduced model for Nano MgO (MW)

Std. Dev. 0.22 R-Squared 0.9875
Mean 4.38 Adj R-Squared 0.9783
CV.% 5.07 Pred R-Squared 0.9397
PRESS 2.60 Adeq Precision 32.026

The "Pred R-Squared” of 0.9397 was in reasonable agreement with the "Adj R-Squared™ of
0.9783; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise

ratio. A ratio greater than 4 is desirable. This model’s ratio of 32.026 indicated an adequate
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signal. This model can be used for design purposes. Table 5.108 gives the coefficients for

the reduced model.

Table 5.108: Coefficients for the reduced model for Nano MgO (MW)

Coefficient Standard 95% CI 95% CI
Factor Estimate Error Low High VIF

Q.
-

Intercept 532 1 0.091 512 5.52
X1-Nano CaO 1.08 1 0.060 0.95 1.21
X2-Time 086 1 0.060 0.73 0.99
X3-Methanol:oil 045 1 0.060 0.31 0.58
X1X2 058 1 0.078 0.40 0.75
X2X3 -042 1 0.078 -0.60 -0.25
X1N2 -048 1 0.058 -0.61 -0.35
X212 -018 1 0.058 -0.31 -0.053
X372 071 1 0.058 -0.84 -0.58

The full Quadratic model was given by (Eqn 4.2, Chapter 4) :
Y = by + XiLibi X+ Xy by X+ X121 Xoira bij X X
And the reduced model, after dropping insignificant term X1.X3 was:
Yield, Y =5.32 + 1.08 X1 + 0.86 X2 + 0.45 X3+ 0.58 X1X2 — 0.42X2X3
—0.48 X172—0.18 X2° — 0.71X3"2 ...5.14
Reduced model was used to compute Predicted yield given in Table 5.103. Eqgn 5.14 would

be used to plot RSM surface and contour plots.

5.3.8.3.1.1  Response Surface and Contour Plots
Equation 5.14 was used for RSM surface and contour plots. Figs 5.107, 5.108 and 5.109

give the plots. Fig 5.107 is a RSM plot for FAME vyield as a function of Nano MgO
concentration and reaction time. It shows that the yield increased with increasing catalyst
concentration and reaction time, and optima was at Nano MgO> 1.5% and Time > 5 min.
This agreed with experimental data.

Fig 5.108 is a RSM surface and contour plot showing FAME vyield as functions of Nano
MgO concentration and methanol to oil ratio. Maximum yield corresponded to Nano MgO

> 1.5 % and methanol to oil ratio 9 — 10.5. These agreed with experimental findings.
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Figure 5.107: RSM plot- Effect of Time Figure 5.108: RSM plot- Effect of
and Nano MgO conc. on Yield (MW) Meth:oil ratio and Nano MgO conc. on

Yield (MW)

Fig 5.109 is a RSM surface and contour plot with variables as methanol to oil ratio and
reaction time. Yield increased with increasing time and for maximum yield, Time > 5 min
and methanol to oil ratio was about 9:1. These observations agreed with experimental

results.
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Figure 5.109: RSM plot- Effect of Meth:oil ratio and Time on Yield for Nano MgO
(MW)

5.3.8.3.2 Optimization studies- experimental results and data analysis MgO
Table 5.109 gives the details of a set of 20 experiments in terms of actual and coded levels,
as per CCD, and the FAME yields obtained in transesterification studies. Last column

gives Predicted yield as per the Reduced quadratic model (Egn 5.15).
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Table 5.109: CCD matrix with experimental FAME yield for MgO (MW)

Run Level of variables [actual(coded)]
Catalyst,% Time (min) Methanol :oil
X1 X2 X3

1 1(0) 3(0) 9(0)

2 1(0) 0.5(-1.68) 9(0)

3 0.5(-1) 4.5(1) 12(1)

4 1(0) 3(0) 14(1.68)

5 1.84(1.68) 3(0) 9(0)

6 1(0) 3(0) 4(-1.68)

7 0.5(-1) 1.5(-1) 6(-1)

8 1(0) 3(0) 9(0)

9 1.5(1) 4.5(1) 12(1)
10 1.5(1) 4.5(1) 6(-1)
11 1(0) 3(0) 9(0)
12 1.5(1) 1.5(-1) 6(-1)
13 0.16(-1.68) 3(0) 9(0)
14 1(0) 3(0) 9(0)
15 1.5(1) 1.5(-1) 12(1)
16 1(0) 3(0) 9(0)
17 0.5(-1) 1.5(-1) 12(1)
18 1(0) 5.5(1.68) 9(0)
19 1(0) 3(0) 9(0)
20 0.5(-1) 4.5(1) 6(-1)

Experimental
Yield

4.3
2.9

2.8
3.2
3.9

2.2
2.1
3.9
5.3
5.4
4.2
2.2
2.1

4.3
3.8
3.9
2.2
5.5

3.87
3.1

Reduced
Model
(Eqn 5.15)

Y

4.1
2.8

3.0
3.2
4.3

24
1.7
4.1
5.1
5.2
4.1
24
1.9

4.1
3.3
4.1
2.7
5.4

4.1
3.0

Data in Table 5.109 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.110 gives the result.

Table 5.110: Summary for model fit- Sequential model sum of squares for MgO

(MW)
Summary for model fit
Sequential
Source p-value
Linear 0.0004
2FI 0.2293
Quadratic 0.0001

Lack
of Fit

p- R-Squared
value

Adjusted

0.0036 0.6078
0.0041 0.6497
0.1618 0.9361

Predicted
R-Squared
0.4497

0.4513
0.7883

Suggested
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Cubic
Source
Mean vs
Total
Linear vs
Mean

2F1 vs
Linear
Quadratic
vs 2FI
Cubic vs
Quadratic
Residual
Total

0.1072 0.3937

253.26 1
15.64 3
2.11 3
481 3
0.53 4
0.26 6
276.61 20

0.9650
253.26
521 10.82
0.70 1.64
1.60 20.41
0.13 3.06
0.043
13.83

0.6248

0.0004

0.2293

0.0001

0.1072

Aliased

Suggested

Aliased

Cubic had the highest Adj R? (0.9650), followed by Adj R? for Quadratic model (0.9361).
However, cubic was not suitable because of being aliased. Considering the F and p-values,

a Quadratic model was suggested. Cubic was aliased. The appropriate model for the given
set of data was full Quadratic model (Egn 4.2, Chapter 4) :

Y = by + Xib; Xi + X7 by XP+ %
Y is the FAME Yield, X; are coded variables as given in Table 5.2.

i1 bij Xi X

]

Table 5.111 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.111: ANOVA for Response Surface Quadratic model for MgO (MW)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Sum of

Source Squares
Model 22.56
X1-MgO 6.65
X2-Time 8.34
X3-Methanol:oil 0.65
X1.X2 1.20
X1.X3 0.36
X2.X3 0.55
X172 1.85
X272 0.063
X372 3.11
Residual 0.79
Lack of Fit 0.57

Pure Error 0.22

Cor Total 23.35

Mean

df Square
251
6.65
8.34
0.65
1.20
0.36
0.55
1.85
0.063
3.11
0.079
0.11
0.044

H
©CUIUIORRPRRPRPRREPRRRERO

(BN

F
Value
31.91
84.60
106.17
8.29
15.29
4.60
7.02
23.53
0.80
39.52

2.57

p-value
Prob > F
< 0.0001
< 0.0001
< 0.0001
0.0164
0.0029
0.0576
0.0244
0.0007
0.3916
< 0.0001

0.1618

significant

Not significant
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The Model F-value of 31.91 implies the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X3, X1X2, X2X3,
X172, X372 were significant model terms. Insignificant terms were, X1X3 and X2/2.
Model was simplified by dropping these terms.

Reduced model: .Terms X1X3 and X2"2 were dropped from the full Quadratic model.
Table 5.112 gives the ANOVA for the reduced model.

Table 5.112: ANOVA for Response Surface Reduced Quadratic model for MgO
(MW)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square  Value Prob > F
Model 2214 7 3.16 31.37 <0.0001 significant
X1-MgO 6.65 1 6.65 65.92 < 0.0001
X2-Time 834 1 8.34 82.73 < 0.0001
X3-Methanol:oil 065 1 0.65 6.46 0.0259
X1X2 120 1 1.20 11.91 0.0048
X2X3 055 1 0.55 5.47 0.0375
X2 194 1 1.94 19.20 0.0009
X3n2 323 1 3.23 31.99 0.0001
Residual 121 12 0.10
. Not
Lack of Fit 099 7 0.14 3.21 0.1087 significant
Pure Error 022 5 0.044
Cor Total 23.35 19

The Model F-value of 31.37 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1X2, X2X3, X1/2,
X372 were significant model terms. The "Lack of Fit F-value" of 3.21 implied the Lack of
Fit was not significant relative to the pure error. There was a 10.87% chance that a "Lack
of Fit F-value™ this large could occur due to noise. Non-significant lack of fit is good.

Table 5.113 gives the R values for the reduced model.

Table 5.113: R-Square values (MW)

Std. Dev. 0.32 R-Squared 0.9482
Mean 3.56 Adj R-Squared 0.9180
C.V.% 8.92 Pred R-Squared 0.7834
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PRESS 5.06 Adeq Precision 18.534

The "Pred R-Squared” of 0.7834 was in reasonable agreement with the "Adj R-Squared™ of
0.9180; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. This model’s ratio of 18.534 indicated an
adequate signal. This model can be used for design purposes. Table 5.114 gives the

coefficients for the reduced quadratic model.

Table 5.114: Coefficients for the Reduced Quadratic model for MgO (MW)

Coeffici Standard 95% ClI  95% ClI
ent
Factor Estimat df Error Low High
e
Intercept 413 1 0.11 3.89 4.37
X1-MgO 070 1 0.086 0.51 0.88
X2-Time 078 1 0.086 0.59 0.97
X3-Meth:oil 022 1 0.086 0.031 0.41
X1X2 039 1 0.11 0.14 0.63
X2X3 -0.26 1 0.11 -0.51 -0.018
X172 036 1 0.083 -0.55 -0.18
X3N2 -047 1 0.083 -0.65 -0.29

Since all the terms in the reduced model were significant, no further reductions were

needed. Hence the model for yield (YY) was:

Y =4.13 +0.70 X1 + 0.78 X2 + 0.22 X3+ 0.39 X1.X2 —0.26 X2.X3 — 0.36 X1°— 0.47 X3
...5.15

Reduced model was used to compute Predicted yields given in Table 5.109. In the

following section, Egn 5.15 was used for response surface plots.

5.3.8.3.2.1  Response Surface and Contour Plots
Fig 5.110 is a RSM surface and contour plot for FAME yield as a function of MgO catalyst

mass% and Time. Yield increased with time and with increasing catalyst concentration. No
optima was found within the range of independent variables in this case, hence for
optimum vyield MgO > 1.5% and Time > 5 min. The general observation agreed with
experimental results.

Fig 5.111 is RSM surface and contour plot for FAME vyield as function of MgO

concentration and Methanol to oil ratio. Maxima was at methanol:oil ratio of 9:1- 10.5:1
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and MgO concentration

> 1.5%. Experimental data were in agreement with this
observation.

Yield

Time, min ' Catalyst, mass% Methanol:oil ratio 6 Catalyst, mass%
Figure 5.110: RSM plOt- Effect of MgO Figure 5.111: RSM p|ot_ Effect of
conc. and Time on Yield (MW)

Meth:oil ratio and MgO conc. on Yield
(MW)

Fig 5.112 is RSM surface and contour plot for Yield as function of methanol to oil ratio

and time. Optima was at time > 5 min, and at methanol ratio of 9:1. This fully agreed with
experimental data.

Methanol:oil ratio 6

Time, min

Figure 5.112: RSM plot- Effect of Meth:oil ratio and Time on Yield for MgO (MW)

5.3.9 Studies with Conventional Heating- Beryllium oxide catalyst

This section deals with transesterification reactions carried out with conventional heating
employing a water bath as heat source.
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5.3.9.1 Effect of operation variables on FAME vyield

5.3.9.1.1 Effect of methanol to triglyceride molar ratio on FAME yield

Fig 5.113 gives the FAME yield (%) as a function of methanol: oil ratio. Yields were low,
and the highest yield of 4.5% FAME was at 12:1 methanol to oil ratio. A slight decline in
yield was noted at 15:1 ratio. Initially excess of methanol drives the transesterification
reaction (Egn 2.2) towards left, increasing yield. But an excess of methanol dilutes the
catalyst percentage in the reaction system and unreacted methanol mixes with glycerol
bringing about separation problems. Also, in presence of surplus methanol, glycerol forms
emulsion with FAME, lowering the yield. Literatures for these observations have been

sighted in earlier sections.

5.3.9.1.2 Effect of catalyst concentration on FAME vyield
Highest yield of 4.8% was obtained at 2 mass% catalyst. However, there was not much

variation in yield in the catalyst concentration ranging 1 — 3% (Fig 5.114).

5 6
4 5
4 i
© 3 o
S S 3
;_-) 2 > 2 /
1 1
0 0
3 6 9 12 15 18 0 0.5 1 1.5 2 2.5 3 3.5
Methanol:oil mole ratio BeO, mass%
Figure 5.113: Effect of Methanol to oil Figure 5.114: : Effect of BeO
ratio on FAME vyield (WB) concentration on FAME yield (WB)

5.3.9.1.3 Effect of temperature on FAME yield
Yield became almost constant after 60°C (333K). Highest yield was at 70°C (343K) to be

4% of FAME. Fig 5.115 gives the effect of reaction temperature on FAME vyield (%).

5.3.9.2 Reaction Kinetics

5.3.9.2.1 Effect of Time on FAME yield

FAME vyields (%) for temperatures of 40, 50, 60, 70°C (313, 323, 333, 343 K) were plotted
as a function of time as given in Fig 5.116. Yields increased with increase in temperature,

and with time. At 70°C (343K) yield became almost constant after 1h. At other lower
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temperatures, yields did not change much after 2h of reaction time. Yield curves for 60 and
70°C (333 and 343K) follow closely to each other.
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Figure 5.115: Effect of reaction Figure 5.116: Variation of Yield with
temperature on FAME yield (WB) time at various temperatures (WB)

5.3.9.2.2 Order of reaction
Table 5.115 gives the coefficients of correlation, R?, for all the ten cases of reaction orders,

and for all temperatures. Indices m and n refer to the general rate equation: —ry =

— &4 = k [A]™ [B]" (Eqn 2.29, Chapter 2).
Table 5.115: Coefficients of correlation, R?, for various reaction orders (WB)
o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case5 Case Case Case8 Case9 Case
°C 1 2 3 4 (m=2, 6 7 (m=1, (m=3, 10
(m=1, (m=0, (m=1, n=0) (m=0, (m=2, n=2) n=0) (m=0,
n=0) n=1) n=1) n=2) n=1) n=3)

40 0.8986 0.8993 0.8988 0.8995 0.8999 0.899 0.9001 0.8998 0.9006  0.8993
50 0.9149 0.9158 0.9152 0.9161 0.9168 0.9155 0.9171 0.9166 0.917 0.9158
60 0.8477 0.8506 0.8486 0.8516 0.8535 0.8496 0.8565 0.8528 0.8564  0.8506
70 0.729 0.7313 0.7298 0.732 0.7335 0.7305 0.7342 0.7329 0.7336  0.7312

Highest coefficient-of-correlation at each temperature is given in bold. Regression analysis
for the reactions at all the four temperatures suggested a third order reaction with m =2, n
= 1. Hence the overall reaction order was ‘three’, second order with respect to triglyceride
and first order with respect to methanol (Case 7 in Table 5.115). The ‘slope’ in this case is

= k [AoJ? The rate equation, in terms of rate of disappearance of triglyceride, is: —r, =

- % = k [A]? [B], where A is triglyceride and B is methanol.
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5.3.9.2.3 Rate constant and Activation energy
Integrated form of rate reaction in Case 7 (Table 5.115) is Egn 2.40 (Chapter 2):

1 Xy 3 (ap — 3x,)
(aB—3)<1—xA_aB—3) (1—x)ap =k[Al5t

L.H.S is F(xa) and RHS is a function of time t. Regression linear plot for F(xa) vs. t for

70°C (343K) is given in Fig 11.5.The ordinate is — (22— )&= and abscissa

ap—3) \1-x4 ap—3 (1-xp4)ap

ist. Reaction constant k is given by the slope of the plot (R? = 0.7342).

3.00E3 Reaction Kinetics: BeO - WB

2.7T0E-3 Ordinate: F(x), Eqn 5-33

2.40E-3

210E-3
1.80E-3
1.50E-3
1.20E-3 <
9.00E-4

6.00E4

3.00E4

0.00E+0

0.00E+0 1.80E+1 3.60E+1 5.40E+1 7.20E+1 9.00E+1 1.08E+2 1.26E+2 1.44E+2 1.62E+2 1.80E+2
Time

Figure 5.117: Plot of kinetic equation 2.40 (WB)

Correlation constants (k [Ac]? ) for Eqn 2.40 for the four temperatures were used to
estimate reaction constant k as given in Table 5.116.

Table 5.116: Reaction constant k (WB)

Temp°C TempK [Ao]? .k [Ao] k
g/cm3 (in min)
40 313.15 1.39E-05 0.6663 3.12E-05
50 323.15 2.07E-05 0.6663 4.65E-05
60 333.15 3.37E-05 0.6663 7.58E-05
70 343.15 3.88E-05 0.6663 8.73E-05

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 2.5.4.1, Chapter 2). Fig 5.118 gives the plot.
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Figure 5.118: Arrhenius plot for BeO catalyst (WB)
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The slope was 3856.75 ( R? = 0.9681), which gave the Activation energy, E = 32.1 kd/mol;

and intercept gave pre-exponential factor, A = 7.2.

5.3.9.3 Optimization studies- experimental results and data analysis for BeO
Table 5.117 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Last column

gives the Predicted yield computed from Reduced quadratic model (Egn 5.16).

Table 5.117: CCD matrix with experimental FAME yield for BeO (WB)

Run

O©CooO~NOoO O, WN P

Level of variables [actual(coded)]

Catalyst,%
X1
1(0)
1(0)
0.5(-1)
1(0)
1.84(1.68)
1(0)
0.5(-1)
1(0)
1.5(1)
1.5(1)
1(0)
1.5(1)
0.16(-1.68)
1(0)
1.5(1)
1(0)
0.5(-1)
1(0)
1(0)

Temp, (°C)
X2
60(0)
43(-1.68)
70(1)
60(0)
60(0)
60(0)
50(-1)
60(0)
70(1)
70(1)
60(0)
50(-1)
60(0)
60(0)
50(-1)
60(0)
50(-1)
77(1.68)
60(0)

Methanol :oil
X3
9(0)
9(0)
12(1)
14(1.68)
9(0)
4(-1.68)
6(-1)
9(0)
12(1)
6(-1)
9(0)
6(-1)
9(0)
9(0)
12(1)
9(0)
12(1)
9(0)
9(09)

Expt.
Yield

4.4
3.2
3.3
4.6
4.8
3.8
3.0
4.6
5.2
3.8
4.5
3.2
3.0
4.7
4.5
4.9
2.9
4.0
4.5

Reduced
Model

(Egn 5.16)

Y

4.6
3.1
3.5
4.5
4.4
il
3.1
4.6
5.2
=10
4.6
3.2
2.9
4.6
4.6
4.6
2.8
4.2
4.6
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20 0.5(-1) 70(1) 6(-1)

3.8 3.8

Data in Table 5.117 were tested for fit for a linear, two-factor interaction (2FI), quadratic

and cubic polynomials. Table 5.118 gives the result.

Table 5.118: Summary for model fit- Sequential model sum of squares (WB)

Summary (detailed tables shown below)

Sequential Lack of Adjusted
Fit
Source p-value p-value R-Squared
Linear 0.0051 < 0.0001 0.4542
2F1 0.1668 < 0.0001 0.5389
Quadratic < 0.0001 0.0519 0.9842
Cubic 0.4673 0.0161 0.9843
Sequential Model Sum of Squares [Type I]
Sum of Mean F
Source Squares df Square Value
Mean vs Total 322.00 1 322.00
Linear vs 5.15 3 172 627
Mean
2F1 vs Linear 1.37 3 0.46 1.98
QR 2.93 3 0.98 122.93
Cubic vs 8.028E-
Quadratic 0.032 4 003 1.02
Residual 7.877TE-
0.047 6 003
Total 331.53 20 16.58

Predicted

R-Squared
0.2902
0.0837
0.9404
0.2133

Suggested
Aliased

p-value
Prob > F

0.0051
0.1668

<0.0001 Suggested

0.4673 Aliased

Highest Adjusted R? was for a Cubic model but it was aliased. Next highest Adj R? was for

a Quadratic model. Considering the F value and p-value, Quadratic model was suggested.

Cubic was not considered being aliased. The appropriate model for the given set of data

was full Quadratic model (Eqn 4.2, Chapter 4) : Y = by + Y, b; X; + X1, by X7 +

n-1ym

1=1 Xj=i+1bij X; X; , Y is the Yield, X; are coded variables as given in Table 5.1. Table

5.119 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.119: ANOVA for Response Surface Quadratic model (WB)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F  p-value
Source Squares df Square Value Prob>F
Model 945 9 1.05 132.29 <0.0001

X1-BeO 291 1

291 366.94 < 0.0001

significant
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X2-Temp 128 1 1.28 161.32 < 0.0001
X3-
Meth:oil 096 1 0.96 120.46 <0.0001
X1.X2 1.250E-003 1 1.250E-003 0.16 0.6998
X1.X3 136 1 1.36 17150 < 0.0001
X2.X3 0011 1 0.011 1.42 0.2613
X172 147 1 1.47 185.11 < 0.0001
X212 155 1 155 19550 < 0.0001
X372 041 1 041 51.88 <0.0001
Residual 0.079 10 7.937E-003
Lack of Fit 0.066 5 0.013 4.95 0.0519 not significant
Pure Error 0.013 5 2.667E-003
Cor Total 9.53 19

The Model F-value of 132.29 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X3, X172, X2/2,
X372 were significant model terms. Insignificant term X1.X2 and X2.X3 were dropped to
simplify the model

Reduced Model: Insignificant terms X1.X2 and X2.X3 were dropped from the full
Quadratic model. Table 5.120 gives ANOVA for the reduced model.

Table 5.120: ANOVA for Response Surface for Reduced Quadratic model
(WB)

ANOVA for Response Surface Reduced Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Sum of Mean F p-value
Source Squares  df Square  Value Prob > F
Model 9.44 7 1.35 176.10 < 0.0001 significant
X1-BeO 291 1 291 380.42 < 0.0001
X2-Temp 1.28 1 1.28 167.25 < 0.0001
X3-Meth:oil 0.96 1 0.96 124.89 < 0.0001
X1.X3 1.36 1 136 177.80 < 0.0001
X1n2 1.47 1 1.47 191.90 < 0.0001
X212 1.55 1 1.55 202.68 < 0.0001
X3n2 0.41 1 041  53.79 < 0.0001
Residual 0.092 12 7.656E-003
Lack of Fit 0.079 7 0.011 421 0.0665 not significant
Pure Error 0.013 5 2.667E-003
Cor Total 953 19

The Model F-value of 176.10 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicated model terms were significant. In this case X1, X2, X3, X1.X3, X1"2,
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X272, X372 were significant model terms. The "Lack of Fit F-value™ of 4.21 implied there
was a 6.65% chance that a "Lack of Fit F- value" this large could occur due to noise. Lack-
of-fit was not very good but it was insignificant and acceptable. Table 5.121 gives R-

Square values.

Table 5.121: R-Square values (WB)

Std. Dev. 0.087 R-Squared 0.9904
Mean 401 Adj R-Squared 0.9847
CV.% 2.18 Pred R-Squared 0.9658
PRESS 0.33 Adeq Precision 42.663

In Table 5.121, the "Pred R-Squared” of 0.9658 was in reasonable agreement with the "Adj
R-Squared" of 0.9847; i.e. the difference was less than 0.2. "Adeq Precision™ measures the
signal to noise ratio. A ratio greater than 4 is desirable. Present model’s ratio of 42.663
indicated an adequate signal. This model can be used for design purposes. Table 5.122

gives the coefficients for the reduced model.

Table 5.122: Coefficients for the Reduced Quadratic Model (WB)

Coefficient Standard 95% CI 95% CI

Factor Estimate Error Low High
Intercept 4.57 0.036 4.49 4.65
X1-BeO 0.46 0.024 0.41 0.51
X2-Temp 0.31 0.024 0.25 0.36
X3-Meth:oil 0.26 0.024 0.21 0.32
X1.X3 0.41 0.031 0.35 0.48
X172 -0.32 0.023 -0.37 -0.27
X272 -0.33 0.023 -0.38 -0.28
X372 -0.17 0.023 -0.22 -0.12

Since all the terms in the reduced model were significant, no further reductions were
needed. Hence the model was:
Yield, Y = 4.57 + 0.46 X1 + 0.31 X2 + 0.26 X3+ 0.41 X1.X3-0.32 X1° - 0.33 X2*

~0.17 X3? ...5.16
Reduced quadratic model was used to compute Predicted yields given in Table 5.117. Egn

5.16 can be used for response surface plots.
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5.3.9.3.1 Response Surface and Contour Plots
Fig 5.119 is a RSM plot giving response surface and contours for FAME vyield as a

function of BeO Catalyst concentration and reaction temperature. The optima was in the
catalyst concentration of 2 — 2.5 mass% and a temperature of 70°C (343K). These agreed
with the experimental observations.

Fig 5.120 is a RSM plot giving response surface and contours for FAME vyield as a
function of BeO catalyst concentration and methanol to oil ratio. Optima was beyond the
range of experimental variables, yield increased with increasing BeO and increasing
methanol. These agreed with the trends observed during experiments.

40 05 il rati 6 .
Temp, degC Catalyst, mass% Methanol:oil ratio 0.5 Catalyst, mass%

Figure 5.119: RSM plot- Effect of BeO Figure 5.120: : RSM plot- Effect of
conc. and Temperature on Yield (WB) BeO conc. and Methanol:oil ratio on
Yield (WB)

Fig 5.121 is a RSM plot giving response surface and contours for FAME vyield as a
function of reaction temperature and methanol to oil ratio. The optima was close to a
temperature of 70°C (343K) and a methanol to oil ratio of 10.5:1. These agreed well with

the experimental observations.
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Methanol:oil ratio 40

Temp, degC

Figure 5.121: RSM plot- Effect of Methanol:oil ratio and Temp. on Yield for BeO
(WB)

5.3.10 Studies with Microwave Irradiation- Beryllium oxide catalyst
This section deals with transesterification of Croton megalocarpus oil using heterogeneous

BeO catalyst with microwave irradiation. Studies include effect of operation variables on
FAME yield, transesterification reaction kinetics and optimization.

5.3.10.1 Effect of operation variables on FAME yield

5.3.10.1.1 Effect of methanol to triglyceride molar ratio on FAME yield

Fig 5.122 gives the FAME yield (%) as a function of methanol to oil ratio. FAME vyield
increased with the increase of methanol to oil ratio from 6 to 9, and from 9 to 12.
Maximum FAME vyield of 3.9% corresponded to the ratio of 12:1. Yield dropped slightly
as the methanol ratio was increased to 15:1. The yields were low, and the drop was about
1%.

5.3.10.1.2 Effect of catalyst concentration on FAME vyield
Fig 5.123 gives FAME vyield (%) as a function of BeO concentration. FAME vyield

increased with the increase in BeO concentration, maximum yield of 3.7% was at 2 mass%
BeO.
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Figure 5.122: FAME vyield as a Figure 5.123: FAME yield as a
function of Methanol: oil ratio (MW) function of BeO concentration (MW)

5.3.10.1.3 Effect of reaction time on FAME vyield
Yield increased with time and the yield at the end of 5 min was 3.2% of FAME. Fig 5.124

gives the effect of reaction time on FAME yield (%) at full microwave power.

5.3.10.1.4 Effect of microwave power
Fig 5.125 gives the effect of microwave power on FAME vyield. Yield increased with the

rise of power since microwave power is directly related to microwave irradiation. The
highest yield at 100% power was 3.2% of FAME.

3.5 3.5
3 : —
2.5 2.5 /
T 2 - 3 2
g 1.5 ';': 15 /
1 1 /
05 0.5
0 0
0 1 2 3 4 5 6 20 40 60 80 100
Time, min Power, %
Figure 5.124: Effect of reaction time on Figure 5.125: The effect of microwave
Yield (MW) power on FAME yield

5.3.10.2 Reaction Kinetics

5.3.10.2.1 Effect of Time on FAME yield
Fig 5.126 is a plot of FAME vyield (%) vs. reaction time at varying reaction temperatures.

Conversions at 50°C (323K) were much lower in the initial time of 45s, but accelerated
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later. Reactions at 60°C (333K) were also slower in the beginning but increased later to
give almost same yield as that at 70°C (343K).

2
18 sotge I
16 —— 60 degC | /'/
1.4 I
12 70 degC ,-'
EJ 1 1 f
> 08 o 2
0.6 / 7
04 A
o % ’ } }
0 15 30 45 60 75 90 105
Time, s

Figure 5.126: Variation of Yield with time at various temperatures (MW)

5.3.10.2.2 Order of reaction
Table 5.123 gives the coefficients of correlation for all reaction orders, Cases 1 to 10, at

the three temperatures.

Table 5.123: Coefficients of correlation, R?, for various reaction orders

o 1% Order 2" Order 3" Order
Order
Temp Case Case Case Case Case Case Case7 Case8 Case9 Case
°C 1 2 3 4 5 6 (m=2, (m=1, (m=3, 10
(m=1, (m=0, (m=1, (m=2, (m=0, n=1) n=2) n=0) (m=0,
n=0) n=1) n=1l) n=0) n=2) n=3)

50 0.8724 0.8717 0.8725 0.8713 0.8706 0.8721 0.8702 0.8708 0.8694  0.8717
60 0.9053 0.9053 0.9055 0.9052 0.9049 0.9054 0.9048 0.905 0.9046  0.9053
70 0.8625 0.8619 0.8623 0.8617 0.8613 0.8621 0.8611 0.8614  0.8607 0.8619

Highest correlation coefficients are in bold numbers in Table 5.123. The most likely order
of reaction was ‘first’ . Zero order with respect to triglyceride, and first order with respect

to methanol (Case 3). The integrated form of rate equation is Eqn 2.36 (Chapter 2) given

as:  —2mn(“=4) = k. The slope in this case is = k.

ap

5.3.10.2.3 Rate constant and Activation energy

L.H.S. of Eqn 2.36, (-5 n ("‘B;ﬂ) ) is a function of conversion xa , F(xa), or the yield. A

B

plot of F(xa) vs time t is a straight line passing through the origin. Regression linear plot
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for F(xa) vs. t for 70°C (343K) is given in Fig 5.127.The ordinate is, —;n (“2=*4)

ap
and abscissa is t. Reaction constant k is given by the slope of the plot (R? = 0.8623).

J00c REaction Kinetics: BeO - MW

< Eqn Ordinate: F(x), Eqn 5-29

2.70E3

2.40E3

9.00E4 T

.....................

Figure 5.127: Plot of Kinetic equation 2.36 (MW)

Correlation constants (k) for Eqn 2.36 for the three temperatures were used to estimate

reaction constant k as given in Table 5.124.

Table 5.124: Reaction constant k (MW)

Temp, °C Temp K k
( min)
50 323.15 6.10E-04
60 333.15 1.35E-03
70 343.15 1.52E-03

Activation energy was obtained from the slope of the plot of Ink vs. 1/T (Arrhenius plot,
Section 5.4.1). Fig 5.128 gives the plot (R = 0.8551).

Arrhenius Plot: BeO- MW

6
000290.00295 0.003 0.003050.00310.00315
R K —
£ 1 E—
14
16 T

Figure 5.128: Arrhenius plot for BeO (MW)
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Slope of the plot was 5091.31, giving Activation energy, E = 42.3 kJ/mol, and intercept

gave pre-exponential factor, A = 78.6.

5.3.10.3 Optimization studies- experimenatal results and data analysis- BeO
Table 5.125 gives the details of a set of 20 experiments in terms of actual and coded levels,

as per CCD, and the FAME vyields obtained in transesterification studies. Last column

gives the Predicted yield using Quadratic model given by Eqn 5.17.

Table 5.125: CCD matrix with experimental FAME yield (MW)

Quadratic
Level of variables [actual(coded)] model
RUN Exper_imental (Eqn 5.17)
Catalyst,% Time (min)  Meth :oil Yield Y
X1 X2 X3

1 1(0) 3(0) 9(0) 2.5 24
2 1(0) 0.5(-1.68) 9(0) 1.7 13
3 0.5(-1) 4.5(1) 12(2) 1.7 15
4 1(0) 3(0) 14(1.68) 1.8 1.8
5 1.84(1.68) 3(0) 9(0) 2.7 2.7
6 1(0) 3(0) 4(-1.68) 1.4 14
7 0.5(-1) 1.5(-1) 6(-1) 1.2 i
8 1(0) 3(0) 9(0) 2.3 2.4
9 1.5(1) 4.5(1) 12(1) 35 34
10 1.5(1) 4.5(1) 6(-1) 3.4 3.2
11 1(0) 3(0) 9(0) 2.4 24
12 1.5(1) 1.5(-1) 6(-1) 1.0 11
13 0.16(-1.68) 3(0) 9(0) 1.1 11
14 1(0) 3(0) 9(0) 2.3 24
15 1.5(1) 1.5(-1) 12(1) 1.9 18
16 1(0) 3(0) 9(0) 2.4 24
17 0.5(-1) 1.5(-1) 12(1) 1.3 13
18 1(0) 5.5(1.68) 9(0) 3.3 3.2
19 1(0) 3(0) 9(0) 2.3 2.4
20 0.5(-1) 4.5(1) 6(-1) 1.8 1.7

Data in Table 5.125 were tested for fit for a linear, two-factor interaction (2FI), quadratic
and cubic polynomials. Table 5.126 gives the result.
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Table 5.126: Summary for model fit- Sequential model sum of squares (MW)

Summary for model fit

Sequential  Lack Adjusted Predicted
of Fit
Source p-value p- R-Squared R-Squared
value
Linear 0.0001 0.0002 0.6708 0.5208
2F1 0.0474 0.0003 0.7753 0.6371
Quadratic <0.0001 0.0524 0.9757 0.9094
Cubic 0.0169 0.9200 0.9932 0.9958
Sequential Model Sum of Squares [Type 1]
Sum of Mean F p-value
Source Squares df  Square Value Prob>F
Mean vs 7.62 3 254 1391  0.0001
Total
el iE 1.30 3 043 348  0.0474
Mean
2F1vs 1.49 3 050 3673 <0.0001
Linear
Qs 0.11 4 0028 737 00169
vs 2FI
Cubic vs 3.800E-
Quadratic 0.023 003
Residual 99.50 20 4.97
Total 88.96 1 88.96

Suggested
Aliased

Suggested

Aliased

Cubic had the highest Adj R? (0.9932), followed by Adj R? for Quadratic model (0.9757).

However, cubic was not suitable because of being aliased. Considering the F and p-values,

a Quadratic model was suggested. The appropriate model for the given set of data was full
Quadratic model (Eqgn 4.2, Chapter 4) :

Y = by + Xiyby Xi + X by XP 4 XA YT b X X

Y is the FAME Yield, X; are coded variables as given in Table 5.2.
Table 5.127 gives Analysis of Variance (ANOVA) for a full quadratic model.

Table 5.127: ANOVA for Response Surface Quadratic model (MW)

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Sum of
Source Squares
Model 10.41
X1-BeO 3.16
X2-Time 4.26
X3-Methanol:oil 0.19

X1.X2 1.07

d

-

)

Mean F p-value
Square Value Prob>F
116 85.74 <0.0001
3.16 23442 <0.0001
426 316.15 <0.0001
0.19 1442 0.0035
1.07 79.03 <0.0001

significant
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X1.X3 013 1 0.13 9.27 0.0124

X2.X3 011 1 0.11 8.19 0.0169

X2 042 1 042 31.11 0.0002

X2n2 0.025 1 0.025 1.84 0.2048

X3N2 1.09 1 1.09 80.76 < 0.0001

Residual 0.13 10 0.013
Lack of Fit 011 5 0.022 4.93 0.0524  not significant
Pure Error 0.023 5 4.550E-003

Cor Total 10.54 19

The Model F-value of 85.74 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1X2, X1X3, X2X3,
X172, X372 were significant model terms. X272 was not significant and it was dropped to
simplify the model.

Reduced Model: X2"2 was dropped from full Quadratic model. Table 5.128 gives the
ANOVA for the reduced model.

Table 5.128: ANOVA for Response Surface Quadratic (Reduced) model (MW)

ANOVA for Response Surface Reduced Quadratic model
Analysis of variance table [Partial sum of squares - Type I11]
Sum of Mean F  p-value

Source Squares df Square Value Prob>F

Model 10.38 8 1.30 89.40 <0.0001 significant

X1-BeO 316 1 3.16 217.79 <0.0001

X2-Time 426 1 426 293.72 <0.0001

X3-Methanol:oil 019 1 0.19 1339 0.0038

X1.X2 107 1 1.07 7342 <0.0001

X1.X3 013 1 0.13 8.61 0.0136

X2X3 011 1 0.11 7.61 0.0186

X2 044 1 0.44  30.62 0.0002

X312 113 1 1.13 78.07 <0.0001

Residual 0.16 11 0.015
Lack of Fit 014 6 0.023 5.02 0.0487 significant
Pure Error 0.023 5 4.550E-003

Cor Total 10.54 19

The Model F-value of 89.40 implied the model was significant. There was only a 0.01%
chance that an F-value this large could occur due to noise. Values of "Prob > F" less than
0.0500 indicate model terms are significant. In this case X1, X2, X3, X1.X2, X1.X3,
X2.X3, X172, X372 were significant model terms. The "Lack of Fit F-value" of 5.02

implied the Lack of Fit was significant. In this case the reduced model did not meet the
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required statistical criterion and therefore was not recommended. The full Quadratic model
was hence retained. Table 5.129 gives the R-Square values for the full quadratic model.

Table 5.129: R-Square values

Std. Dev. 0.12 R-Squared 0.9872
Mean 2.11 Adj R-Squared 0.9757
CV.% 5.51 Pred R-Squared 0.9094
PRESS 0.96 Adeq Precision 29.464

The "Pred R-Squared” of 0.9094 was in reasonable agreement with the "Adj R-Squared™ of
0.9757; i.e. the difference was less than 0.2. "Adeq Precision™ measures the signal to noise
ratio. A ratio greater than 4 is desirable. Present model’s ratio of 29.464 indicated an
adequate signal. This model can be used for design purposes. Table 5.130 gives the
coefficients for full Quadratic model.

Table 5.130: Coefficients for the Full Quadratic model (MW)

Coefficient Standard 95% ClI 95% ClI
Factor Estimate df Error Low High
Intercept 2.38 1 0.047 2.28 2.49
X1-BeO 0.48 1 0.031 0.41 0.55
X2-Time 0.56 1 0.031 0.49 0.63
X3-Meth:oil 0.12 1 0.031 0.049 0.19
X1.X2 0.37 1 0.041 0.27 0.46
X1.X3 0.13 1 0.041 0.034 0.22
X2X3 -0.12 1 0.041 -0.21 -0.026
X1n2 -0.17 1 0.031 -0.24 -0.10
X272 0.041 1 0.031 -0.027 0.11
X312 -0.27 1 0.031 -0.34 -0.21

Since all the terms in the full quadratic model were significant, the model was:

Yield, Y = 238 + 048 X1 + 056 X2 + 0.12 X3+ 0.37 X1.X2 + 0.13X1.X3
—0.12 X2.X3-0.17 X1% + 0.041 X2* - 0.27 X3° ...5.17

Predicted yield values in Table 5.125 were obtained by use of Quadratic model. In the

following section, Eqn 5.17 was used for response surface plots.

5.3.10.3.1 Response Surface and Contour Plots
Fig 5.129, 5.130 and 5.131 give the RSM surface and contour plots based on Egn 5.17. In

Fig 5.129, FAME vyield increased with increasing BeO concentration and with reaction
time. Region of maximum vyield in this case was beyond the range of reaction variables.

Hence for maximum FAME yield, BeO > 2.5%, and reaction time > 5 min.
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Fig 5.130 is a RSM plot for effect of BeO concentration and methanol to oil ratio on

FAME vyield. Contour plot indicated catalyst concentration of >2.5% and methanol to oil

Catalyst, mass%

0.5

SR T

,,,,,,,,,,,%,..... _ & - %
lllllll/tt Mv\ 0 3
W 78 3

Catalyst, mass%

Figure 5.129: RSM plot- Variation of

Time, min

ratio of 10.5:1 for the maximum FAME vyield. This agreed with experimental observations.

Figure 5.130: RSM plot- Variation of

Yield with BeO conc and methanol: oil

ratio (MW)

Yield with BeO conc. and Time (MW)

Contour plot in Fig 5.131 identified region of maximum yield corresponding to methanol

Methanol:oil ratio

to oil ratio of 9:1, and reaction time > 5 min. These were in qualitative agreement with

experimental findings.

Time, min

Figure 5.131: RSM plot- Variation of Yield with Time and methanol:oil ratio for BeO

(MW)
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6 CONTINUOUS TRANSESTERIFICATION OF CROTON MEGALOCARPUS
OIL USING HOMOGENEOUS SODIUM HYDROXIDE AND
HETEROGENEOUS CALCIUM OXIDE CATALYSTS

6.1 Introduction
Transesterification of Croton megalocarpus oil was carried out in a plug flow reactor using

conventional heating and microwave irradiation. Studies were made for both homogeneous
NaOH and heterogeneous CaO catalysts. Among the alkaline earth oxides, calcium oxide
was selected because of its special status, being the most abundant, easily available, low
cost and easy to handle compound.

6.2 Materials and Methods
6.2.1 Materials

Calcium oxide (96%) was obtained from Sigma Aldrich. Prior to use, CaO was calcined at
700°C (973K) in a muffle furnace under atmospheric conditions for 3 h. Copper tubing (
ID 0.005m) and polytetrafluoroethylene ( Teflon®) tubing ( ID 0.005m) were used for
tubular reactor. Peristaltic pump (Cole Palmer Model 77202-50) was employed to control
reactor feed rate. Other materials have already been mentioned in Section 4.2.1 of Chapter
4,

6.2.2 Experimental Setup

6.2.2.1 Conventional Heating

For transesterification with conventional heating a tubular reactor was fabricated using a
1.7m length of copper tube ( ID 0.005m ) coiled in spiral shape. This tubular flow reactor
was kept in a constant temperature water bath. NaOH was mixed with methanol in a round
bottom flask. Methanol, NaOH and croton megalocarpus oil were sent to a cylindrical
container and mixed by a mechanical stirrer, to form reactor feed. Peristaltic pump was
used to transfer the feed mixture to the tubular rector at desired rate. Tubular reactor was
placed in a constant temperature water bath. Product samples were collected from the exit

end of the reactor. Fig 6.1a and 6.1b give the experimental setup.
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Figure 6.1:a Schematic diagram of experimental setup (conventional heating)

Fig 6.1b: Experimental setup (conventional heating)

6.2.2.2 Microwave Irradiation
For studies under microwave irradiation, a 1.7m long, 0.005m 1D, polytetrafluoroethylene

(Teflon®) tubing was used for the reactor. Tube was coiled in a spiral shape and held at the
bottom of microwave oven by fixing it to a plywood board by use of copper wire. Spiral
shape ensured a plug flow in the laminar region. Feed entrance and exit was though holes
at the top and bottom of the oven. A polyethylene tubing of 0.012 m diameter and 0.65m
length was coiled and installed inside the oven chamber to act as radiation sink. Water was
circulated through it to absorb surplus radiation. Oven would switch-off sensing excess
radiation if water was not circulated continuously. Methanol and catalyst were premixed,

and later mixed with oil and sent to the reactor through a peristaltic pump in the manner
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already described above in Section 6.2.2.1. Fig 6.2a and 6.2b show the experimental setup
for microwave irradiation.

Methanol

+ NaOH Triglyceride

Flow reactor

|
— o 51— ot

Microwave oven

—_—T

Figure 6.2a: Schematic diagram of experimental setup (microwave irradiation)

Radiation sink

Reactor N

Fig 6.2b: Tubular reactor and radiation sink in the microwave oven

6.2.3 Experimental Procedure

6.2.3.1 Conventional Heating

Weighed amount of catalyst was added to measured amount of methanol and the mixture
stirred using mechanical stirrer for one hour at room temperature. In case of homogeneous
catalyst, NaOH goes into solution; and for the case of CaO, a slurry was formed. This
mixture was added to croton megalocarpus oil in a cylindrical container and stirred
vigorously by a mechanical stirrer. In 15 min of stirring, oil and methanol blend into a
single phase. Once it was observed that the two phases have coalesced, it was sent to the
reactor in water bath at 60°C (333K) through a peristaltic pump. Reaction variables chosen
were: residence time, catalyst concentration, and methanol to triglyceride ratio. Residence

time was varied as 3min ( equivalent to volumetric flow rate of 11.1 cm® min™), 6 min
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(equivalent to volumetric flow rate of 5.6 cm® min™), and 9 min (equivalent to volumetric
flow rate of 3.7 cm® min™); catalyst concentration was varied as 0.5, 1.0 and 1.5 mass% of
triglyceride; and methanol to oil molar ratio was varied as 6:1, 9:1, 12:1. Effect of one
variable was studied at a time, keeping other variables at centre point. Collected samples
for homogeneous catalyst were treated as mentioned in Section 4.2.3.1 (Chapter 4), and
samples for heterogeneous catalyst were treated as mentioned in Section 5.2.3.1 (Chapter
5).

Reynolds number was estimated to ascertain that the flow under the chosen residence times
was laminar. Calculations for diameter d = 0. 005 m, length | = 1.7m, and lowest residence
time = 3 min gave volumetric flow rate = 11.1 cm® min™, and velocity v = 0.0094 m s™.
Using data for methanol, density p = 792 kg m™, and viscosity at 60°C (333K) = 0.0004 kg
m™ s (Appendix 10, McCabe, Smith and Harriott, 1985), gave Reynolds number Re = 93.
Similar calculation based on oil properties gave Re = 2.2. At higher residence times,
velocities would be lower resulting into lower values of Re. Taking Re = 2100 as a
threshold value for laminar flow in a pipe, we conclude that the flows under experimental

conditions were fully laminar and plug flow.

6.2.3.2 Microwave Irradiation
Method for microwave irradiation was similar to that of conventional heating except that

there was no attempt to maintain a constant temperature, instead the microwave was used

at full power.

6.2.4 FAME Analysis
FAME was analyzed as per the procedure described in Section 4.2.4 (Chapter 4).

6.3 Results and Discussions
Operating variables studied for NaOH and CaO catalysts, for conventional heating and

microwave irradiation, were (i) Methanol to triglyceride molar ratio, (ii) Catalyst

concentration, and (iii) Residence time.

6.3.1 Effect of Methanol to triglyceride molar ratio
For the study using NaOH catalyst with conventional heating, methanol to oil molar ratio

was varied as 6:1, 9:1, 12:1; feed residence time was kept constant at 6 min, catalyst

concentration was 1mass% of NaOH, and water bath temperature was 60°C (333K).
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Highest FAME yield of 13.1% was obtained at 6:1 ratio. Yield decreased with the increase
of methanol ratio, but the change was small. Yield at 12:1 ratio was 11.0%, a drop of only
2% from the highest value. When microwave irradiation was used, the oven was operated
at full power. As in case of conventional heating, methanol to oil molar ratio was varied as
6:1, 9:1, 12:1; at a residence time of 6 min and 1 mass% NaOH. Yield at 6:1 ratio was
92.0%. Highest FAME yield of 96.2% was obtained at 9:1 methanol to oil ratio, and it
decreased slightly when the ratio was raised to 12:1.

When CaO was used as a catalyst with conventional heating, residence time was kept
constant at 6 min, CaO concentration was 1 mass% and water bath was at 60°C (333K),
and methanol to oil molar ratio was varied as 6:1, 9:1, 12:1. Yields were in general low,
with not much variation as the methanol ratio was increased from 6 to 12. Lowest FAME
yield of 3.2% was obtained at 6:1 molar ratio while the highest yield of 4.9% was at 9:1
molar ratio. For a similar study using CaO catalyst and microwave irradiation,
transesterification was carried out at a residence time of 6 min, catalyst CaO of 1 mass%,
and microwave at full power. Methanol to oil ratio was varied as 6:1, 9:1 and 12:1. FAME
yield increased from 16.3 to 19.5% when the methanol ratio was increased from 6 to 9.
The yield dropped slightly to 18.3% when the methanol ratio was increased further to 12:1.
Yield increases with increase in methanol ratio as it helps in driving the transesterification
reaction in forward direction. However, high methanol also has disadvantages. At very
high methanol ratio, as already mentioned under batch studies, the yield decreases as
glycerol dissolves in excessive methanol and subsequently inhibits the forward reaction
(Viriya-empikul et al., 2010). Other explanation for reducing yield is that catalyst
concentration decreases with excess methanol (Liu et al., 2008; Bambase et al., 2007).
Excess methanol affects the interphase area between alcohol and oil due to their
immiscibility leading to a drop in yield (Babak et al., 2013).

Fig 6.3 gives the effect of methanol to oil ratio on yield for NaOH and CaO catalysts under
conventional heating and microwave irradiation. Dotted lines are for microwave

irradiation, and continuous line represents conventional heating.



258

100

60 —0=— NaOH(WB)
—f— CaO(WB)
== NaOH(MW)

Yield
S

= = CaO(MW)

Methanol:oil molar ratio

Figure 6.3: Effect of Methanol:oil molar ratio on Yield for continuous
transesterification

6.3.2 Effect of Catalyst Concentration
Effect of concentration of NaOH and CaO catalysts on FAME vyield was studied

employing conventional water bath heating and microwave irradiation. During the study
reactants residence time was 6 min, methanol to oil ratio was 9:1; and catalyst
concentration varied as 0.5, 1.0, 1.5 mass% of oil. For conventional heating water bath was
at 60°C (333K), and for microwave irradiation the oven was at full power.

For NaOH catalyst with water bath, FAME vyields at 0.5 and 1.0 mass% NaOH were
almost similar being 12.9 and 12.3% respectively. As NaOH concentration was increased
to 1.5%, yield slightly decreased to 10.3% of FAME.

For NaOH catalyst with microwave irradiation, yields were almost constant at around 96-
97% as the NaOH concentration was raised from 0.5 to 1%. At higher concentration of
1.5% of NaOH, a slight drop in yield (93.1%) was noticed. The drop in yield at high NaOH
concentrations has been attributed to soap formation.

When CaO and conventional heating was used, FAME vyield increased with increase in
catalyst concentration. The lowest yield was 3.7% of FAME at 0.5% of CaO and the
highest being 5.2% of FAME at 1.5% of CaO.

When CaO catalyst and microwave irradiation was used, yield increased as CaO
concentration was increased from 0.5 to 1%, from 12.9 to 19.5% of FAME. When the CaO
concentration was further increased to 1.5%, the increase in yield was very small (0.6%) or

rather negligible.
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Fig 6.4 gives the effect of variation of NaOH and CaO catalysts on FAME vyield for

conventional heating and microwave irradiation.
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Figure 6.4: Effect of Catalyst concentration on Yield for continuous
transesterification

6.3.3 Effect of Residence Time
Effect of reactor residence time was studied for NaOH and CaO catalysts, for conventional

heating and microwave irradiation. During the study methanol to oil ratio was 9:1 and
catalyst at 1 mass%, while residence time was varied as 3, 6 and 9 min. For conventional
heating water bath was at 60°C (333K), and for microwave irradiation the oven operated at
full power.

When NaOH was used under conventional heating, highest FAME yield of 42.0% was
obtained at 9 min, and the lowest yield of 7.1% was obtained at 3 min of residence time.
For NaOH under microwave irradiation, FAME vyield increased as the residence time was
increased from 3 to 6 min, from 94.2 to 96.2%. No substantive increase in yield was
obtained when the time was further increased to 9 min, and yield was 96.5%.

When CaO was used under conventional heating, FAME yield at 3 min of time was just
1.2%, which increased to 4.9 and 7.9% for residence times of 6 and 9 min respectively.

For CaO under microwave irradiation, FAME vyield increased from 14.3 to 19.5% as the
time was increased from 3 to 6 min. When the residence time was increased further to 9
min no substantive increase was observed, and the yield was 19.9%.

Fig 6.5 gives the effect of Residence time on FAME vyield for NaOH and CaO catalysts for

conventional heating and microwave irradiation.
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Figure 6.5: Effect of Residence Time on Yield for continuous transesterification

6.4 Summary
Transesterification of croton megalocarpus oil was successfully carried out in a continuous

plug flow reactor. For studies using homogenous NaOH catalyst, microwave irradiation
gave FAME vyield exceeding 90% under all the operating conditions. Yields were low for
NaOH catalyst using conventional water bath heating, ranging from 7 to 42% of FAME.
High yields were obtained at 9 min of residence time, 0.5% of NaOH and for 6:1 methanol
to oil ratio.

Yields were in general lower when heterogeneous CaO catalyst was used in the studies. In
this case too, yields for microwave irradiation were higher as compared to conventional
water bath heating. For microwave irradiation, yields ranged from 14 -20% of FAME; and
for conventional heating from 1 — 8% of FAME.
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7  FAME CHARACTERIZATION AND ENERGY NEEDS IN
TRANSESTERIFICATION

7.1 Introduction
For biodiesel to be used as a fuel substitute for petrodiesel, the fuel must meet certain

quality specifications. In the United States, biodiesel must meet the American Society for
Testing and Materials (ASTM) requirements for biodiesel fuel in its D 6751 standard. The
standard in Europe is defined by EN14214. A fuel not meeting the quality specifications
may have adverse effect on the engine and the environment. Croton megalocarpus oil
FAME was subjected to some tests to ascertain that it meets the requirements as a fuel.
Rudimentary estimates for energy needed to produce FAME by conventional and
microwave irradiation in laboratory conditions were made to compare the relative

advantages of the two heating methods.

7.2 Materials and Methods
FAME density, viscosity, refractive index, acid value, sulphur content were obtained as

given in Chapter 3. Water-and-sediment percentage was obtained by centrifuging
(Centrifuge Hettich D-7200) 100 ml of FAME at high velocity for 10 min. Volume of
water and sediment settled at the bottom of centrifuge tube was measured and reported as
percentage of FAME sample. lodine value was calculated based on GC analysis for fatty
acid methyl esters (ISO/CD 3961, www.standardsproposals.bsigroup.com, accessed 29"
April 2015). FAME composition was obtained by GC, as mentioned in Chapter 4.
Calorific value was obtained by Bomb calorimeter (Gallenkamp Autobomb). Flash point
was obtained by Cleveland Open cup apparatus. Distillation profile was obtained using
standard procedures.

Calculations for energy requirements for conventional and microwave irradiation were
made for yield data in Section 4.3.1.1.2 and Section 4.3.2.1.1 of Chapter 4. Wattage of
water bath (Stuart RE 300B) was 1000 W, electric stirrer (Stuart SS10) and magnetic
stirrer (Hanna HI80) were of 50W. Microwave oven (Shivaki, SMW-103) had an output
rating of 1300W. Magnetron efficiency was take to be 60% (Barnard et al., 2007).


http://www.astm.org/
http://www.astm.org/
http://www.biodiesel.org/resources/oems/
http://en.wikipedia.org/wiki/EN_14214

7.3 Results and Discussions
7.3.1 FAME Characterization
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This section gives the physical appearance, some characteristic properties, composition,

and distillation profile of Croton oil FAME.

(i) Appearance: FAME was clear liquid of light yellow colour, slightly lighter in shade

compared to Croton oil. Fig 7.1a and 7.1b gives pictures of Croton oil and the FAME

sample.

| Toton Megalocarpus
I

Fig 7.1a: Croton oil

Fig 7.1b: Croton oil FAME

(i) Properties: Table 7.1 gives some of the characteristic properties for FAME sample.

Table 7.1 Properties of Croton megalocarpus oil FAME

Property Value Standards: ASTM D6751

Density at 20°C (293K), kg m™ 898.9 not specified

Kinematic viscosity at 40°C, mm? s 2.66 1.9-6.0

Absolute viscosity at 40°C, Pa.s 2.397x10°°

Refractive index at 20°C (293K) 1.4673 not specified

Acid value, mg KOH/g 0.23 0.50 max

Water & Sediment nil 0.050 vol% max

Sulphur, mass% 0.0012 S 15 Grade 0.0015% max,
S 500 Grade 0.05% max

lodine value 143.6 not specified

Flash point 183°C 130° C min

Distillation temperature (atmospheric  341.6 360° C max

equivalent) at 90% recovery by volume, °C

(from Table 13.2)

Calorific value, MJ kg™ 41.3 not specified




263

(iii) Composition: GC analysis of FLAME for fatty acid methyl esters was carried out as
given in Section 4.2.4 of Chapter 4. FAME was found to mostly consist of methyl esters of
Myristic acid (Methyl tetradecanoate, C14:0), Palmitic acid (Methyl hexadecanoate,
C16:0), Stearic acid (Methyl octadecanoate, C18:0), Oleic acid (Methyl cis-9-
octadecenoate, C18:1), Linoleic acid (Methyl cis-9,cis-12-octadecadienoate, C18:2),
Linolenic acid (Methyl octadecatrienoate, C18:3). Present in trace amount (< 0.1%) were
Caprylic acid (Methyl octanoate, C8:0), Caproic acid (Methyl decanoate, C10:0), Lauric
acid (Methyl dodecanoate, C12:0). Table 3.11 (Chapter 3) gives the mass fractions of fatty

acids.

(iv) Distillation profile: Distillation profile gives the temperatures corresponding to
volume fractions of fuel distilled off at atmospheric pressure, and it is characteristic of a
particular fuel. As given in Table 7.1, distillation temperature at 90 vol% recovery should
not exceed 360°C. Distillation profile of Croton oil FAME (Test method ASTM D86-
09el/IP 123) is given in Table 7.2.

Table 7.2: Distillation profile

Distillation recovery Temperature, °C
(volume%)

Initial boiling point 136.5

10% Recovered 329.2

20% Recovered 331.2

30% Recovered 333.2

40% Recovered 334.2

50% Recovered 335.2

60% Recovered 336.2

70% Recovered 338.2

80% Recovered 340.6

90% Recovered 341.6

95% Recovered 242.6

End point 343.6
Recovery at 365°C > 90% volume

Figure 7.2 is a plot of FAME and petro-diesel distillation profile. Petro-diesel had gradual
rise in temperature whereas FAME profile was almost horizontal. This is due to very close
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boiling range of fatty acid methyl esters. FAME mainly consisted of C18:1, C18:2 and
C18:3, whose boiling temperatures (at 10 mm Hg) are 201, 200 and 202°C respectively
(Cermak et al., 2012).
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Fig 7.2: Distillation profiles of FAME and petro-diesel

7.3.2 Energy Needs in Transesterification
Molar masses of triglyceride and corresponding FAME are almost the same (For example,

molar mass of Tristearin, a triglyceride of stearic acid = 891.5 and molar mass of Methyl
ester of tristearin = 895.5). It shows that 1 kg of triglyceride would produce approximately
1 kg of FAME (at 100% yield).

For conventional heating 30 ml of croton oil gave a 97% FAME vyield, at 6:1 methanol to
oil molar ratio, 1% NaOH catalyst, in a time of 60 min. Table 7.3 gives the energy

requirement for this reaction for conventional heating.

Table 7.3: Conventional heating energy requirement

Water bath energy consumption (Power x Time) 1000x1 = 1000 Wh
Stirrer energy consumption (Power x Time) 50x1 =50 Wh
Total energy consumption 1050 Wh
Total energy consumption per litre of FAME 1050/(30/1000) = 35 kWh

Total energy consumption per kg of FAME 35/(0.8989) = 38.9 kWh
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For microwave irradiation, 25 ml of croton oil gave a FAME vyield of 96.5% at 9:1
methanol to oil ratio, 1% NaOH catalyst, in 1 min. For a microwave output of 1700 W, the
power drawn = (Power output)/(magnetron efficiency) = 1700/0.6 = 2166.7 W. Table 7.4
gives the energy requirement for microwave irradiation.

Table 7.4: Microwave irradiation energy requirement

Microwave energy consumption (Power x Time) 2166.7x(1/60) = 36.1 Wh
Stirrer energy consumption (Power x Time) 50x(1/60) = 0.8 Wh
Total energy consumption 36.9 Wh
Total energy consumption per litre of FAME 36.9/(25/1000) = 1.48 kWh
Total energy consumption per kg of FAME 1.48/(0.8989) = 1.64 kWh

From Tables 7.3 and 7.4, Energy required by WB: Energy required by MW = 38.9: 1.64 =
23.7:1. The rudimentary calculations show that water bath required 24 times more energy
as compared to microwave irradiation. This observation is in agreement with a similar
analysis for Camelina Sativa oil FAME where a similar energy ratio for water bath:
microwave was 23.4:1 (Patil et al., 2010b).

7.4 Summary
Characteristic properties as given in Table 7.1 conform to the requirements for Croton

megalocarpus oil fatty acid methyl ester to be used as biodiesel fuel as per international
standards. The energy required by conventional heating was found to be about 24 times
larger when compared to microwave irradiation. This shows that microwave irradiation is a

far more energy efficient mode of heat transfer.
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8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Introduction
The objective of the research was to study transesterification of Croton megalocarpus oil

using homogenous NaOH and heterogeneous alkaline earth oxide catalysts. It was to
include characterization of triglyceride and the solid catalysts, effect of operating variables
on FAME vyield leading to process optimization, and the reaction Kinetics. Microwave
irradiation was to be compared with conventional heating as an alternate mode for heat
transfer. Transesterification in a continuous flow reactor was to be compared with batch
process. The presented work covers all the aspects of research objectives as outlined in
Section 1.3.1 (Chapter 1).

8.2 Characterization of alkaline earth oxides
Alkaline earth catalysts had varying surface area and porosity which were found to be in

the following order: BeO > Nono MgO > Nano CaO > MgO > CaO > CaO RO > BaO >
SrO. Special attention was given to calcium oxide catalysts due to their easy availability
and non toxic nature. XRD showed that all the catalyst samples were of reasonable purity
with exception of calcium oxide, which showed substantive presence of carbonate and
hydroxide. Calcination at 800 - 900 °C (1073- 1173 K) for 3 h was needed to get back to a
pure calcium oxide form. Basicity as obtained by Hammett method puts the catalyst in
almost reverse order as compared to their surface area and porosity. Catalysts arranged
according to basicity were: BaO > SrO > Nano CaO > CaO RO > CaO > Nano MgO >
MgO > BeO.

8.3 Transesterification studies
Studies using homogenous NaOH and the eight heterogeneous catalysts for

transesterification reaction formed the major work. Selected reaction parameters were
varied and FAME vyields were obtained for both conventional heating and microwave
irradiation. Catalysts can be classified as the ones giving high yield (> 60%), others giving
moderate yield (20 — 60%), and lastly the ones giving poor yield (< 20%). For both
conventional and microwave irradiation NaOH, BaO, SrO and Nano CaO gave high yields,
CaO RO and CaO gave moderate yields, and BeO gave poor yield. Nano MgO and MgO

gave moderate yields for conventional water bath heating and performed poorly for
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microwave irradiation. Fig 8.1 is a bar chart giving the FAME yield for various catalysts

for conventional heating and microwave irradiation.
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Figure 8.1: FAME vyield for catalysts for conventional heating (WB) and microwave
irradiation (MW)

Conditions for high FAME yield for conventional heating ranged: methanol to oil ratio 6 —
12:1, catalyst 1 — 2 mass%, reaction temperature close to methanol boiling point, and
reaction time 1 — 2.5 h. High yield using microwave irradiation corresponded to: methanol
to oil ratio 9 — 12:1, catalyst 0.5 — 2%, and reaction time of 1 — 5 min, at full microwave
power. BeO was used for transesterification reaction for the first time, and the results were
not very encouraging. Magnesium oxide performed poorly under microwave irradiation.
For other catalysts yields under microwave irradiation were in general lower than those
under conventional heating, but were comparable. Microwave irradiation also needed a
slightly higher methanol:oil ratio and catalyst concentration as compared to conventional
heating. Most remarkable difference was in the reaction time. For maximum vyield,
conventional heating needed time in hours whereas microwave irradiation required 1 — 5
min. This feature makes microwave irradiation a distinctly superior heat transfer mode.
Variation in catalyst activity followed the trend in their basicity, and specific surface area
had no effect. Beryllium oxide, for example, had the highest area and lowest basicity- and
was the least active catalyst. When CaO was hydrated and calcined to obtain CaO RO,

surface area of the new catalyst reduced while basicity increased, and a higher FAME yield
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was obtained. For a given catalyst sample, a higher surface area resulted into a higher
activity as Nano CaO was more active than CaO, and Nano MgO was more active than
MgO. Mass transfer resistances were eliminated in transesterification studies and surface

reaction prevailed.

The alkaline earth metal oxides can be arranged according to their activities as: BaO > SrO
> CaO > MgO > BeO. The observed activities are also justified in terms of physical
properties such as ionization energies, melting and boiling points of alkaline earth metals.
lonization energies, melting and boiling points follow the same order, being lowest for Ba
and highest for Be.

8.4 Reaction Kinetics
Reaction kinetics data are needed for reactor design for process scale up. The overall

reaction order was found to vary from ‘first’ to ‘third’ order. Table 8.1 summarizes the
reaction order and rate constants for conventional water bath heating (WB) and microwave
irradiation (MW) for all the catalysts.

Table 8.1: Reaction order and rate constant

SN Catalyst Heating Order w.r.t Order Overall Rate constant Units
mode triglyceride w.r.t order at70°C
Methanol
1 NaOH WB 2 0 2 4.75E-01 cm”3 mol*-1 minA-1
MW 1 0 1 2.45E+00 min”~-1
2 BaO WB 2 1 3 1.27E-02 cm”6 mol*-2 min”-1
MW 2 1 3 5.69E-01  cm"6 molA-2 minA-1
3 SrO WB 2 1 3 6.19E-03 cm”6 mol*-2 min”-1
MW 2 1 3 4.88E-01 cm”6 mol*-2 minA-1
4 Nano CaO WB 2 1 3 5.65E-03 cm”6 mol*-2 min”-1
MW 2 1 3 2.68E-01 cm”6 mol*-2 minA-1
5 CaO-RO WB 2 1 3 1.59E-03 cm”6 mol?-2 min?-1
MW 2 1 3 3.93E-02 cm”6 mol*-2 minA-1
6 Cao WB 2 1 3 9.80E-04 cm”6 mol?-2 min?-1
MW 2 1 3 3.35E-02 cm”6 mol*-2 minA-1
7 Nano MgO WB 2 1 3 7.20E-04 cm”6 mol?-2 minA-1
MW 0 1 1 1.62E-03 min”-1
8 MgO WB 2 1 3 5.41E-04 cm”6 molA-2 minA-1
MW 0 1 1 1.53E-03 min”-1
9 BeO WB 2 1 3 8.70E-05 LA2 mol”-2 min”-1
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MW 0 1 1 1.52E-03 min”-1

Reaction rate constants for microwave irradiation were higher than those for conventional
heating due to faster reaction rates under microwave irradiation. Reaction was of first order
for microwave irradiation for NaOH, Nano MgO, MgO and BeO; and of second order for
NaOH under conventional heating. For the remaining heterogeneous catalysts, overall
reaction was of 3" order, 2" order with respect to triglyceride and 1% order with respect to
methanol.

Arrhenius equation was used to obtain Activation energy and pre-exponential factor for all
the reactions. Table 8.2 gives the Activation energy (E) and pre-exponential factor (A) for
reactions in Table 14.1.

Table 8.2:Activation energy, E and pre-exponential factor, A

SN Catalyst Heating E A
mode (kJ/mol) (units of k)
1 NaOH WB 71.3 3.73E+10
MW 51.0 2.68E+06
2 BaO WB 354 3.07E+03
MW 36.8 2.38E+05
3 SrO WB 26.6 7.37E+01
MW 46.2 5.67E+06
4 Nano CaO WB 33.7 8.80E+02
MW 36.6 1.79E+03
5 CaO-RO WB 27.4 2.50E+01
MW 20.5 4.79E+01
6 Cao WB 28.7 2.53E+01
MW 70.3 2.44E+07
7 Nano MgO WB 24.5 4.18E+00
MW 35.6 7.46E+00
8 MgO WB 34.3 1.03E+02
MW 34.7 2.99E+02
9 BeO WB 32.1 7.17E+00
MW 42.3 7.86E+01

A catalyst lowers the activation energy of a reaction, but the magnitude of activation
energy for a heterogeneously catalysed reaction is not automatically accepted to be a
guantitative measure of the catalytic activity. The reason for not adopting this criterion is

the widespread occurrence of compensation effects (Thomas and Thomas, 1967). For
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heterogeneous catalysis compensation effect may occur when the overall reaction is a
combination of a number of reactions which show the same mechanism and take place on
different groups of active centres, each group showing different activation energy and pre-
exponential factor (Marban and Rio, 2013). Transesterification reaction consisting of three
consecutive reactions falls under this category. Reaction velocity constant in this case is a
sum of several reaction steps, and activation energy is termed ‘apparent activation energy’
(E*P) and pre-exponential factor is termed ‘apparent pre-exponential factor’, (Agpp). In
some reaction systems, it has been observed that the apparent activation energy varies
under different reaction conditions. It is also found that the variation in apparent activation
energy is accompanied by a change in Aqpy, i.e., a large apparent activation energy is
accompanied by a large apparent pre-exponential factor and vice versa. In some cases, the
changes in apparent pre-exponential factor and apparent activation energy display a linear
dependency according to the Cremer-Constable relation (Andreasen et al., 2005):
InAgp = aE* + b ...8.1

Fig 8.2 is a Cremer-Constable scatter plot based on data in Table 8.2. The data broadly
follow the relation and a compensation effect is apparent.
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Figure 8.2: Cremer Constable plot of E**® and Aapp (Eqn 14.1)

8.5 Process Optimization
A Box-Wilson Central Composite Design (CCD) was used to design experiments for

process optimization. Experimental data were analyzed using design software and second
order quadratic polynomials were obtained for FAME yield as a function of three reaction

variables. Polynomial correlations met the statistical requirements for a satisfactory fit to
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experimental data. Response surface and contour plots (RSM plots) gave the region of
increasing yield and the reaction conditions for optimum vyield. RSM plots were in

agreement with experimental observations.

8.6 Continuous transesterification
Continuous transesterification was carried out in a plug flow reactor under conventional

heating and microwave irradiation. Table 8.3 compares FAME yields for continuous
transesterification (at residence time of 9 min), and batch processes (after 9 min), at 9:1
methanol to oil ratio and 1% catalyst (data for batch/conventional heating are approximate
values estimated from Yield vs time plots). For NaOH and CaO catalysts, the yields were
comparable with the corresponding studies with batch reactor for similar reaction times.
Continuous transesterification is therefore a viable option to produce FAME from Croton

megalocarpus oil.

Table 8.3: Comparison of batch and continuous FAME vyields

Catalyst Conventional Heating Microwave irradiation
Batch Continuous Batch Continuous

NaOH 50 42 90* 96.5

CaO 6 8 19** 19.9

* for 3 min, ** for 5 min
8.7 Croton megalocarpus FAME as biofuel
Properties of Croton megalocarpus FAME as biofuel are characterized in Chapter 7.
FAME satisfactorily meets the .requirements for a biodiesel.

8.8 Heat transfer mode
Microwave irradiation was found to be a more energy efficient mode of heat transfer for

transesterification. Energy requirements for microwave irradiation were reduced by a
factor of (1/24) when compared to conventional heating for a similar FAME yield, as

shown in Chapter 7.

8.9 Recommendations for future work
Present work has demonstrated the relative activities of alkaline earth oxides as catalysts

for Croton megalocarpus oil transesterification to produce biodiesel. Microwave
irradiation has also been shown to be a better mode of heat transfer. However, a further

study of the following is desired to add value to the work:



272

1. BaO and SrO have shown high activity but are toxic and expensive. Calcium oxide
is the most promising catalyst due to its low cost, easy availability and ease in
handling. Disadvantage is its poor activity. Nano CaO has shown good activity but
is expensive. Activity of CaO may be increased by (i) calcination in inert
atmosphere, (ii) reducing its particle size, (iii) hydrating and calcining as was done
in the present work, (iv) by treating CaO with strong alkali before calcination (this
should increase the basicity), (v) by depositing CaO over high surface supports like
zeolite or alumina,(vi) metal oxides prepared with calcium show strong basic
character, and have been tested for transesterification reaction. The calcium
containing catalysts, CaTiO3, CaMnO;, CayFe,0s, CaZrOz, and CaO-CeO,,
showed high activities and approximately 90% yields of FAME from rapeseed oil
(Kawashima et al., 2008), and should be tested for croton megalocarpus oil.

2. Leaching of heterogeneous catalysts into biodiesel is related to its reusability and
biodiesel quality. In theory, the catalysts can be recovered and reused indefinitely.
However, the catalysts leach and also lose activity when recycled. A study is
needed to study leaching and recyclability of CaO catalysts for Croton
megalocarpus FAME.

3. Organic co-solvents have been used to reduce mass transfer resistances in the three
phase transesterification reaction system with varying success. It would be
interesting to see if a co-solvent can give a higher yield in the present study.

4. Studies with microwave irradiation have been limited to labs. An attempt to carry
out such a process on pilot plant scale would expose the scale-up challenges.

5. Ultrasound irradiation coupled with microwave irradiation has been used to get
very high FAME vyields. It is a new area to be explored for Croton megalocarpus
FAME (Martinez-Guerra and Gude, 2014; Hsiao et al. 2010 ).
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APPENDIX A
RESPONSE SURFACE METHODOLOGY

Al Introduction

Response surface methodology (RSM) is a collection of mathematical and statistical
techniques useful in modeling and analysis of problems in which a response of interest is
influenced by several variables and the objective is to optimize this response
(Montgomery, 2013). RSM is used for design and collection of experimental data which
allows fitting a general quadratic equation for data smoothing and prediction, regression
analysis, and examination of fitted data which is usually done graphically through response

surface plots.
A.2  Experimental Design
A.2.1 Box-Wilson Central Composite Design (CCD)

A Box-Wilson Central Composite Design, commonly called a ‘Central Composite
Design’, contains an imbedded factorial or fractional factorial design with centre points
that is augmented with a group of “star points' that allow estimation of curvature. If the
distance from the center of the design space to a factorial point is £1 unit for each factor,
the distance from the center of the design space to a star point is + o with | a | > 1. The
precise value of a depends on certain properties desired for the design and on the number
of factors involved. Similarly, the number of centrepoint runs the design is to contain also
depends on certain properties required for the design. A central composite design always
contains twice as many star points as there are factors in the design. The star points
represent new extreme values (low and high) for each factor in the design. Figure A-1
shows a CCD for k = 3 factors. This design has 14 + nc runs (usually 3< nc < 5). Here nc

is the number of replicates at the centre point.
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Figure A-1: CCD for Three factors

To maintain rotatability, the value of a depends on the number of experimental runs in the
factorial portion of the central composite design: o = [number of factorial runs]"*

If the factorial is a full factorial, then a=[ 2" LAl
For a 3 factor design, k=3, a=[2%"*=1.682 (Engineering  Statistics Handbook,

2006).

A.2.2 Box-Behnken Designs

Box and Behnken have proposed some three-level designs for fitting response surfaces.
These designs are formed by combining 2* factorials with incomplete block designs. The
resulting designs are usually very efficient in terms of the number of required runs, and
they are either rotatable or nearly rotatable. Box-Behnken design is a spherical design, with

all points lying on a sphere of radius V2 (Montgomery, 2013).

Figure A-2: A Box-Behnken design for three factors
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A.3  Analysis of Experimental Data

A.3.1 Empirical Model

For response surface designs a complete description of the process behavior might require
a quadratic or cubic model. A quadratic model for three independent variables is given by:
Y = Do + b1Xy + boXa + baXs + D1oXaXo + D13X1X3 + D23XoXs + b1iX® + baoXo® + bagXs® ... A2
And a cubic model is given by:

y = quadratic model + byp3X1XoX3 + b112X12Xz + D113 X1%X3 + D1ooX1X2® + DigaXaxa® + boos Xo™Xa
+ bgaXoXs® + D11aXe® + booXo® + D3agXs® ...A3

In the above, y is the dependent variable and x;, X, and X3 are the independent variables.
These are the full models, with all possible terms, rarely would all of the terms be needed
in an application. If the experimenter has defined factor limits appropriately and/or taken
advantage of all the tools available in multiple regression analysis, then finding an
industrial process that requires a third-order model is highly unusual. Most of the response

surface designs can be fitted by quadratic models.

A.3.2 General linear model matrix
Fundamentals of regression analysis is explained in terms of a linear model. Any
polynomial regression model are special cases of predictor variables making the response
surface curvi-linear. Consider the following quadratic regression equation:
Yi = Bo + BuXi + BoXi + & ...A4
In the above S terms are constants and ¢ represents random error.
Equation A4 can be expressed in a linear form by defining Xi;= X; and Xi, = Xi? , to get:
Yi= o+ p1 X+ B2 Xig + & ...AS
Equation A5 is a linear expression for a quadratic equation. A general linear form for any

polynomial can be written as:

Yi=po+ B Xis + B2 Xig +..4 o1 Xip1 +éi ...A6
Equation A6 in the matrix form is:
Y=Xpf+¢ AT

In equation A7, Y is a response vector (n x1), g is vector of constants (p x1), X is the
matrix of parameters (n x p) and ¢ is a vector of random errors (n x 1). Number of

observations is n, and number of parameters is p. Therefore:
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v =|: |, g = ’ _ 1 X2:1 X22: Xz,p—:1 e :! : ! A8
lYnJ ﬁp.—l l]- an XnZ Xn,p—lJ LgnJ

A.3.3 Estimation of regression coefficients

Regression coefficients are estimated by the use of least-square method. For a general
regression model:

Q=Xii(Yi— Bo— frXiz — . — ,Bp—lxi,p—l)z ...A9

The least square estimators are those values of f; that minimize Q, where the vector of the

least square is estimated as regression coefficients by, by, ..., bp.1 as b such that:

bo
b,
: ...A10

. |

|
I
b= | :
lbp.—lj

The least square normal equations for the general linear regression model are:

(X’X)b = (X’Y) LAll
And the least square estimators are:
b=XX)(X’Y) LAL2

A3.4 Analysis of Variance (ANOVA)

If Y, is the experimental value and ; is the fitted value, a residual term g; is defined as:
ei=Y: -7, ...A13

In the above  ¥;isa (n x1) vector containing ¥;,Y,,...Y; terms. Similarly e is a (n x1)

vector containing e; e, . e, terms.

The fitted values are represented by, ¥ = Xb ; and residual terms are represented by,
e=Y -Y =Y-Xb ...Al4

Table Al gives ANOVA for general Linear Regression Model (Balasubramanian, 2010).
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Table A1:  ANOVA for general Linear Regression Model

Source of variation | Sum of squares DF Mean Square
Regression SSR=b’X"Y - (1/m)Y’JY p-1 MSR = SSR/(p-1)
Error SSE=Y’Y-b’'X’Y n-p MSE = SSE/(n-p)
Total SSTO=Y’Y - (I/m)Y’JY n-1

In Table Al, J is an nxn matrix, SSR is Regression Sum of Squares, MSR is Regression
Mean Square, SSE is Error Sum of Squares, MSE is Error Mean Square, and SSTO is

Total Sum of Squares.

A3.5 F-Test for regression model and Lack of Fit

A regression model exhibits lack-of-fit when it fails to adequately describe the functional
relationship between the experimental factors and the response variable. Lack-of-fit may
occur if important terms from the model, such as interactions or quadratic terms are not
included. It may also occur if several large residuals result from fitting the model. The
error sum square is decomposed into pure error and lack-of-fit components. The pure error
sum of squares (SSPE) is obtained by calculating, for each replicate group, the sum of
squared deviations of the Y observations around the group mean, where a replicate group
has the same values for each of the X variables. The lack of fit sum of squares (SSLF)
equals the difference between SSE and SSPE. The number of degrees of freedom
associated with SSPE is n-c, whee c is the number of distinct levels of X variables. The

number of degres of freedom ssociated with SSLF is (n—p) — (n—¢) = c—p.

(SSLF)  usir

. _
The test statistic F* = =5 = —p ...A15
If F* <(1-a;c-p, n-c), conclude the lack of fit is insignificant
If F* > (1- a; c-p, n-c), conclude the lack of fit is significant
A3.6 Coefficient of Determination, R
The coefficient of determination, denoted by R?, is defined as:
2 _ SSR _ .  SSE
R* = SSTO SSTO - -AlG

R? measures the proportionate reduction of total variation Y associated with the use of the
set of X variables. Even though R? is large, MSE may still be too large for inferences to be
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useful when high precision is required. Another fact is that adding more X variables to the
regression model can only increase R? and never reduce it, because SSE can never become
larger with more variables and SSTO is always the same for a given set of responses.

The adjusted coefficient of multiple determination (Rzadj) is used to adjust for the number
of X variables in the model. It alters the R® by dividing each sum of squares by its

associated degrees of freedom,

2 _ 4 _ (n-1) SSE
RZ; =1 (n_p)s—sm L ALT

Predicted coefficient of determination, R%yeq , is calculated to indicate how well the model
predicts responses for new observations. Rzpred can prevent over-fitting the model and can
be more useful than Rzad,- values for comparing models because it is calculated using
observations not included in model simulation. Over-fitting refers to models that appear to
explain the relationship between predictor and response variables for the data set used for
model calculation but fail to provide valid predictions for new observations.
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APPENDIX B
INTEGRATED FORM OF REACTION RATE EQUATIONS

Overall stoichiometry (Equation 2.1, Chapter 2) is written for a forward reaction, assuming

negligible reverse reaction -

Kk
Overall reaction: A+3B —> 3R+ S ...(2.1)

Rate of reaction, written as rate of disappearance of triglyceride, A is:

= — % = k [A]™ [B]" ..(2.29)

Integrated form of the above equation in terms of triglyceride conversion (xa), as obtained
in Chapter 2, is:

f o = k[ [at (2.33)

(1=x4 )™ (ap—3x4)"

where [A], is the initial triglyceride concentration, and ag = [B]o/ [A]o ( molar ratio of
methanol to triglyceride in the feed, a constant for a given reaction). Limits for the integral
are:xa=0 at t=0; and Xxa=Xxaat t.

Integral has been evaluated for overall order varying from 0 to 3, for different
combinations of m and n, and the integrated form of rate equation is given in Table 2.1
(Chapter 2). The detailed algebra for equations 2.34 — 2.43 is given below.

Case 1: Overall order — zero. m=0,n=0.
Equation 5.26 becomes: [dx, = k[A];* [ dt
Or, xa= k[Al;*'t + C
For a fresh feed, xo =0 at t=0; hence C =0.
Therefore, [AloXa = kt ...B1/(2.34)
Case 2: Overall order — one. m=1n=0
Equation 5.26 becomes: [dx, = k [(1—x,)dt
xa dxpg t
Or, fO m =k fo dt

or, 1 . B2/(2.35)
In (—(1 - xA)) = kt
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Case 3: Overall order — one. m=0,n=1

Equation 5.26 becomes: [dx, = k [(ag — 3x,)dt
or, [A—TA = ke [Cdt

0 (ap-3x4)

Or, 1 ap — 3x
ln(u> =kt

3 ap ...B3/(2.36)

Case 4: Overall order — two. m=1n=1

Equation 5.26 becomes: [ x4 = k[A], [dt

(1-x4) (ap—3x4)

or,  ——— a4 3 M _ pg), [Cde

(ap-3) (1-x4) (ap-3) (ap—3x4)

1 1 (ap—3x4) _
@3 In(1—x,)+ % In = k[A],t

ap-3) ap

Or, —

...B4/(2.37)

Or, 1 ( ag — 3x,

a5 (T rye) = At

Case 5: Overall order — two. m=2,n=0

Equation 5.26 becomes: fox“ P4 = k[A], [fdt

(1-x4)? 0

or, ( X ) ...B5/(2.38)

Case 6: Overall order — two. m=0,n=2

dxa

(ap—3x4 )2

1 1 1
Or' E(CZB—3XA N g) - [A]O t

or, X ...B6/(2.39)

Equation 5.26 becomes: e = k[A], [, dt

Case 7: Overall order — three. m=2,n=1

Equation 5.26 becomes: [ dxa = k[A)2 [ dt

(1-x4)% (ap—3x4)
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_ 3 X4 dxp 1 Xq dxg 9 Xq dxp _ 2
or, (ap—3)? fo (1-x4) + (ap—3) fO (1-x4)? + (ap—3)? fo (ap—3x4) klAlot
3 _ 1 xa \ _ 3 ap—3xa\ _ 2
OI’, (agp—3)2 ln(l xA) + (ag—-3) (1—xA) (ap—3)2 lTl( ag ) =k [A]O t
Or, 1 X 3 ag — 3x
( A )ln(B A)=k[A]gt
(ap—3)\1—x4 ap—3 (1 —2xy)ag
B7/(2.40)
Case 8: Overall order — three. m=1n=2
. . dXA _ 2
Equation 5.26 becomes: f(l—xA) e = K [A]3 [ dt
1 X4 dxg _ 3 X4 dxg _ 3 XA dxa — 2
or, (ap—3)? fo (1-x4)  (ap-3)? fo (ap—3x4)  (ap-3) fO (ap—3x4)? kelAls ¢
_ In(1—-x4) 1 ag—3x4 3 XA _ 2
or, (3-ap)? (3-ap)? L ap (3—ap) ap(ap—3x4) k [A]O t
Or, _
1 ( 3x, 3 1 ) (1 - xx)ag kARt
(B—ap)\(ag —3xy)ap 3 —ap (ap — 3x,)
...B8/(2.41)
Case 9: Overall order — three. m=3,n=0
. i X dx t
Equation 5.26 becomes: 5 (1_xj)3 = k[A]} [ dt
1 _ 1 _ 2
Or, Ay 2o k[A]5t
Or, ...B9/(2.42)
M =2k[A]3t
(1 —xy)? ?
Case 10: Overall order — three. m=0,n=3
- . XA dxA _ 2 t
Equation 5.26 becomes: Js s k [A]5 [, dt
1 1 *a 2
Or’ g [(dB—3XA)2]O - k [A]O t
o ! LIS
(ag —3x4)2 ap? [4lo B10/(2.43)




